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Abstract

A class of pseudopeptides based on poly(lysine iso-phthalamide) backbone have emerged

as promising drug delivery candidates due to their pH activated membrane disruption abil-

ity. In order to gain molecular understanding on these novel polymeric species, we have

constructed force field parameters and simulated the behaviours of polymers with and

without phenylalanine grafted as side chains at conditions compatible with different pH.

The free energy changes upon polymer permeation through membrane were calculated us-

ing the umbrella sampling technique. We show that both polymers with and without grafts

interact better with the membrane at conditions compatible with lower pH. The conforma-

tional states of the polymers were investigated in water and at a water-membrane interface.

Based on Markov state modelling results, we propose a possible advantage of grafted poly-

mer over un-grafted polymer for membrane rupture, due to their quicker conformational

rearrangement kinetics.
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1. Introduction

The design of effective therapeutic agents is a primal interest of the pharmaceutical sector. It

channels high level of investments into researches at many fronts, including the identification

of new effectable therapeutic targets.1 However, when a target is intracellular, getting the drug

through the cell membrane is challenging - drug delivery molecules can assist with this.2 De-

pending on how the delivery vehicles transport the drug cargo, there are two main delivery

strategies. One type assembles into micelles which encapsulates drug candidate like viral vec-

tors,3,4 the other forms one-to-one drug-delivery molecule conjugate (e.g. via covalent link-

age).5,6 In this work we study a class of pseudopeptides belonging to the latter type.

The pseudopeptides are inspired by membranelytic fusogenic viral peptide haemagglutinin.7

The first synthesised species had lysine isophthalamide as monomer unit to form a linear poly-

mer (Fig.1). Further works performed by Chen et al. found that grafting different hydrophobic

amino acids such as valine, leucine and phenylalanine enhanced membranelytic ability.8,9

The polymers formed have number-average molecular mass Mn = 17900 - corresponding to

~65 repeat units.10 A vital feature of these polymers is their pH activated membrane rupturing

ability due to protonation of carboxylate sites. The proposed mechanism of action has the poly-

mer taken up by the cell in a vesicle via endocytosis.11 Once inside, the drop from physiological

pH (~7.4) to endosomal pH (~5.5) protonates the initially negatively charged polymer. The poly-

mer then ruptures the vesicle before being sent for lysosomal disposal, therefore delivering its

cargo freely to cytoplasmic targets.

Numerous experimental techniques have been applied to study the pH and grafting effects

on the pseudopeptides.8–10,12 Being pseudopeptidic, the polymers have minimal safety con-

cerns. Biocompatibility tests using alamar blue assay showed the polymers are not cytotoxic up

to 1 g mL -1. Using fluorescence spectroscopy, it was found the fluorescence signal of pyrene

fluorophore rapidly dropped upon reducing the pH. This was claimed to be due to change of

polymer conformation from extended chains to collapsed structures that enveloped the fluo-

rophore. The authors also found this effect was less pronounced with lower polymer concentra-
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Figure 1: Poly(lysine isophthalamide) monomer unit and phenylalanine grafted monomer unit.
R = OH represents the unmodified poly(lysine isophthalamide) and the other fragment corre-
sponds to the phenylalanine graft.

tion which suggest this to be a cooperative effect. Optical density was measured to determine

the pH values where polymers precipitate from aqueous solution. It was found the precipita-

tion pH can be modulated by amino acid grafting. The pH for precipitatiom increases with the

grafting of the hydrophobic side chains. In cell assays, both hemolysis assay (using red blood

cell) and laser scanning confocal microscopy (using HeLa cell) showed that at physiological pH

the polymers are non-lytic. While below pH 5.5, unmodified poly(lysine isophthalamide) had

limited hemolytical activity while grafted polymers displayed significant higher lysing with in-

creasing degree of grafting. It was hypothesised the observation was due to the grafted polymer

having more hydrophobic sites for polymer adsorption to membrane head groups and forming

more hydrophobic structures which favours entering via the tail region.

However, due to the limited resolution of the aforementioned experimental techniques, a

molecular understanding of the pseudopeptides interaction with water as well as with lipid

membrane is lacking. For this, computational modelling and Molecular Dynamics (MD) sim-

ulation of the modelled systems can offer validation and insight. It is our intention to initiate

such in silico investigation here.
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Although there is no computational study on these pseudopeptides, other polymeric species

for drug delivery purpose have been computationally analysed and comprehensive reviews

have been written.13,14 In recent years, Choudhury et al. studied how poly(ethylenimine), which

is capable of forming polycations at lower pH, interacts with membrane bilayers.15 They ran

separate simulations for the protonated and deprotonated polymers, positioned at the water

phase, lipid core and water-lipid interface to investigate different stages of the membrane dis-

ruption process. From the simulation trajectories, they observed the polymer being more elon-

gated in the protonated form. In addition, they observed disruption of the membrane integrity

by the polycationic form only. A similar class of polymers was studied by Kepczynski et al.16 In-

stead of running simulations with polymers positioned at different places, they selected a much

shorter oligomer to mimic the polymer and started simulations by placing it in water outside

of lipid bilayer. They directly observed cationic oligomer penetration process which aligned

with experimental measurements. Kim et al.17 attempted to understand how a much bulkier

polyamidoamine dentrimeric polymer interacts with the membrane. This followed from pre-

vious coarse grained18 MD by Lee et al.19 Due to the size of the polymer, they only observed

polymer adsorption onto the bilayer. Using the trajectories, they elucidated the conforma-

tional change of the polymer upon adsorption using parameters such as the radius of gyra-

tion. Membrane penetration mechanisms of poly(ethylene oxide), poly(propylene oxide) and

their copolymers were studied by Nawas et al.20 Focusing on structure descriptors of the model

membrane such as area per lipid and head group orientations, they inferred the hydrophilic

regions in the copolymers interact well with lipid head groups, resulting in pore-forming mod-

ification of the membrane structure. Meanwhile, Samanta et al. calculated free energy of lipid

permeation by these polymers to assess preferential interaction based on varied polymer com-

positions.21 They discovered the energy barrier for poly(propylene oxide) lipid penetration was

smaller than that of poly(ethylene oxide), and that poly(propylene oxide) feature longer resi-

dence times. Unlike previous studies that only used conventional MD, they demonstrated that

steered MD method was needed to sufficiently sample the process for even small dimeric and
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trimeric polymer penetration.

Here, we model the un-grafted poly(lysine isophthalamide) in different pH environments

using different level of protonation. The same is done for the grafted polymer. For the grafting,

we selected to model phenylalanine because it was the most hydrophobic side chain tested ex-

perimentally9 and thus should offer the greatest contrast to the un-grafted form. Using steered

MD, the free energy change during the membrane penetration process will be mapped to un-

derstand the experimentally observed membrane-lysis results. Further, Markov State Models

(MSM) are employed to identify key conformational states of the polymer fragments, in differ-

ent environments, namely, membrane surface and bulk solution.

The paper is structured as follows: the main computational techniques used are described

first. Then, findings are reported and discussed before concluding remarks.

2. Methods

2.1 Simulation Parameters

The simulation models were parametrised by the united atom force field GROMOS 53a6.22 We

used a dipalmitoylphosphatidylcholine (DPPC) lipid bilayer as model for the plasma mem-

brane. Although this is a gross approximation, it is one adopted by many simulational studies

due to the abundance of DPPC in biological membranes.19,20,23 Topology and configuration of

DPPC bilayer (64 lipids per layer) were downloaded from reference.24 The SPC/E water model

was used.25 In order to better approximate the experimental conditions, 0.1 M solution of NaCl

salt (using GROMOS 53a6 native parameters) was added to mimic the physiological conditions

and the buffers used in the experiments.26

The time step for the simulations was chosen to be 2 fs. Unless specified otherwise, each

system was subjected to 500 ps of NVT equilibration and 500 ps NPT equilibration before the

production runs in the NPT ensemble. The simulations were performed at 310 K using the

v-rescale thermostat27 with a coupling constant of 0.1 ps, and at constant pressure using the
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Parrinello-Rahman barostat28,29 with a coupling constant of 2 ps and compressibility of 4.5×
10−5 bar-1. The LINCS algorithm30 was used to constrain all bonds. Short-range non-bonded

were computed using a cut-off of 1.0 nm and the long-range electrostatic interactions were

computed using the Particle Mesh Ewald (PME) method31 with 0.16 nm for the Fourier spacing.

For simulations in bulk (without the lipid bilayer), there is symmetry in all three dimensions

and the pressure coupling type was set to isotropic. For simulations of lipid bilayers, we set

the barostat to semi-isotropic with the z-direction decoupled from x and y. In this case the

pressure normal to the bilayer plane was set to 1 bar and the surface tension to 0 mN/m, to

achieve a tensionless state. Simulations involving charged polymers require the addition of

counterions to achieve an electroneutral system. In this case and due to the use of periodic

boundary conditions there is a possibility of building up an excess of charge on one side of the

membrane, leading to transient electrostatic fields and that can induce membrane poration.

To prevent this effect we employed the approach discussed in reference.32 In this method two

walls with 9-3 type Lennard-Jones interactions are set at the edges of the box, to prevent the

charge accumulation. The interactions of the 9-3 potential were obtained using the Lennard-

Jones interaction strength of the oxygen in the water molecules (SPC/E), with the wall density

set to 110 nm-3 and the interpolation order of the PME method was set to 3.

Molecular dynamics simulations were performed using GROMACS v.5.1.4.33–35 and the sys-

tems were visualised using VMD.36 All simulations were submitted to the high performance

cluster at Imperial College London.37

2.2 Force Field Construction

As there is no reported computational study of either un-grafted or grafted poly(lysine isoph-

thalamide), their topologies were constructed first. An intuitive way is to devise the parameters

for a single repeat unit of the two kinds of monomers, which can then be concatenated to make

polymers of arbitrary compositions.

The polymers are denoted pseudopeptides because they have amino acid components. There-
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fore it is feasible to construct the monomers using parameters from the GROMOS 53a6 amino

acid database, which have parameters for lysine and phenylalanine and can aid parametrising

the isophthalamide part.

Figure 2 shows the final atom names assigned to each atom in the two monomer types.

Hereafter, we denote the un-grafted monomer unit type A, while the grafted monomer type B,

respectively assigned either blue or magenta in figure 2.
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Figure 2: Unique atom names assigned to the monomers used in the force field. The atom
names for the backbone (N-CA-CB-....-CE1-C-O) is the same for both monomer. Yellow shaded
region indicates the sites of (de-)protonation. The colour blue is associated to type A monomer
and magenta to B in this study.

For new bonds/angles/torsions needing definitions in the monomers, the most suitable

ones within the amino acid database were picked.22 See supplementary information for fur-

ther detail.

It was decided to define two monomers, each with two protonation states: the neutral form

and -1 charged form, akin to how amino acids with multiple charge states are treated in the

GROMOS 53a6 amino acid database.22 The circled region in Fig. 2 are the (de-)protonation

sites. GROMACS treats protonation state selection only for a hard-coded list of natural amino
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acids. Hence for our computations we defined four new monomers: the protonated, charge

neutral forms of the two monomers were called A(0) and B(0). The deprotonated, negatively

charged monomers were assigned A(-) and B(-). See supplementary information for the force

fields of these four monomers.

To obtain polymers with different monomer combinations, their force fields can be robustly

created by GROMACS’s pdb2gmx tool.33 Because the monomer parameters were incorporated

into the amino acid database, pdb2gmx can automatically generate the topology when provided

an initial configuration. To construct the configuration file, a Python script that manipulated

the coordinates of individual monomers was written. It can put together any combinations

of the monomer units to give an extended conformer (Fig. 3). The figure below shows a B(0)

monomer unit joined on either side by 2 units of A(0) monomer. Such a polymer can then

be solvated and minimised to give more energetically favoured conformation before further

simulation. Five repeat unit polymers were chosen for the following studies. The extended

form of the BBBBB polymer is shorter than the side length of the lipid bilayer (~6.3 nm long), to

eliminate issues concerned with the self-interactions due to periodic boundary condition.

Figure 3: A stretched polymer chain with 5 repeat units : A(0) in blue, B(0) in magenta. A script
(see supplementary information) allows the easy construction of polymers of varied composi-
tions. This polymer contains two type A(0) monomers in blue sandwiching a B(0) monomer in
magenta.
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2.3 Free Energy Computations

Umbrella Sampling (US) was employed to calculate the potential of mean force by pulling the

polymer from bulk water to the center of the lipid along the direction of the lipid bilayer normal

plane with a pulling rate of 0.005 nm ps-1. From the pulling trajectory, frames were selected

with 0.2 nm apart along the reaction coordinate as starting simulation windows. Windows were

simulated in parallel where the polymers were constrained at the center of each window using

a harmonic constrain force with force constant of 3000 kJ mol-1 nm-2. Each window was equili-

brated for 1 ns before simulating for 30 ns for configurational sampling . The potential of mean

forces (PMF) were constructed using weighted histogram analysis method (WHAM) and errors

were estimated using Bayesian bootstrapping, via GROMACS 5.1.4 implementation.33

2.4 Markov State Model (MSM)

We applied MSM to identify low energy conformations and calculate long term kinetics of the

polymers. MSM is a recent advancement in quantitative analysis of MD data.38,39 The MD tra-

jectories are approximated as memory-less system where the probability distribution of future

states is only governed by the current state (no past states required) as it follows from a Markov

chain process.

To generate a MSM, the following sequence of steps needs to be applied to a system. First,

we selected the atom coordinates r(t ) as descriptor of the time evolution of the polymer struc-

tures.

Time-lagged independent component analysis (TICA)

The number of dimensions for the selected descriptors are usually unnecessarily large, which

could lead to over-fitting. TICA is a common dimensional reduction technique for analysing

time evolution of data.40,41

A covariance matrix C(τ) is built based on all pairs of descriptor vector r(t ) separated by τ

time steps. When there are M descriptors included in the analysis and for a trajectory with N
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frames, the covariance matrix C(τ) has dimensions M×(N−τ), ci j is a particular element within

the matrix:

ci j (τ) = 1

N −τ−1

N−τ∑
t=1

ri (t )r j (t +τ) (1)

Eigenvalue decomposition is applied to the resultant matrix:

C(τ) = UΛU−1, (2)

where U is the eigenvector matrix and Λ the eigenvalue diagonal matrix (eigenvalues or-

dered from the largest to smallest). To reduce the dimension from M to a smaller m, the time

dependent positions, r(t ), were multiplied by the first m columns of the eigenvector matrix

(Um) to get a new vector z(t ) that has less dimensions.

z(t ) = r(t )Um (3)

In comparison to other methods such as principle component analysis, TICA can identify

better slow reaction coordinates, which are key for identifying stable polymer conformations.

Regular space clustering

To sufficiently define transitions between different coordinates in z(t ), the finite amount of sim-

ulation data needs to be aggregated into discrete conformation states. This discretisation of

trajectories is often done using k-means clustering42. It starts by randomly selecting k different

coordinates as the cluster centers. Then, it repeatedly (for a given number of iterations) as-

signs the remainder coordinates to the center that is closest to them in terms of distances and

updates the centers as mean positions of all the coordinates belonging to the same cluster.

Transition matrix and implied time-scale

After space discretisation, a transition matrix was determined. Here, a new lag time τ0 that is

different to the lag time τ used during TICA was needed. A transition matrix P(τ0) based on
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this lag time can be created, where an element pi j can be estimated by the normalised count of

transitions from the cluster i at a given time to another cluster j after τ0 times.43

An implied time-scale is the decay time of a physical process. The most dominant eigenval-

ues in the transition matrix correspond to the slowest decay processes in the system, which in

turn connects stable conformations. Formally, for the ith slowest decay process:

ti (kτ0) = kτ0

lnλi (kτ0)
(4)

where k is an arbitrary positive integer and λi the ith eigenvalue and ti the ith implied

time of decay. Because the decay time is an inherent property of the system, it should not

be a function of the lag time, as it is arbitrarily user-defined. When the system is Markovian,

λi (kτ0) =λi (τ0)k and this would make the implied time independent to the lag time as k in the

denominator and nominator cancels. This manifests in the time of decay remaining invariant

upon constructing transition matrix with longer lag times, see figure ?? in supplementary infor-

mation for an example plot analysis. Therefore, implied time-scale served as a validation that a

suitable lag time has been picked for the transition matrix so the system behaves Markovian.

Perron-cluster cluster analysis (PCCA)

PCCA outputs long-lasting conformational states. It projects the discrete coordinates along the

first n user-defined eigenvector directions.44 When one eigenvector is used, the projected co-

ordinates all lie on a line that is bifurcated to give two metastable coordinate sets. And when n

eigenvectors are chosen for projection, n+1 metastable structure sets are produced. In this way,

PCCA aggregates structures in the discrete state space into a few metastable sets, each such set

Si represents a group of structures where the polymer fragment stay for significant time before

jumping to another set S j . Thus, each set can be associated with a free energy basin.

The sophisticated techniques detailed above are contained in a robust and well-documented

Python framework called pyEMMA, which was utilised for the analysis reported in this work.45

11



3. Results and Discussion

3.1 Potential of Mean Force (PMF)

Monomers

The free energy changes of the four different monomers A(0), A(-), B(0) and B(-) penetrating

DPPC were calculated first (each window simulated for 20 ns). Fig. 4 shows the PMF paths of the

four species travelling from water to the middle of the membrane (left to right), with the vertical

grey line indicating the average position of lipid head groups (choline region in the bilayer). The

free energies of monomers in water have been assigned to zero for ease of comparison.

Figure 4: PMFs for various monomer types penetrating the DPPC bilayer. Semi-transparent grey
colour surrounding each PMF line indicates the statistical error bounds in WHAM estimation.
The vertical line at 2.6 nm represents the average position of the center of mass of the choline
head groups. Regions to the left of the vertical line corresponds to the water phase and regions
to the right of the vertical line corresponds to the lipid phase. A distance of 0 nm on the x-axis
indicates the center of the lipid bilayer.

For all monomers, the interactions between monomers and lipid head group are energet-

ically favourable irrespective of the charge state. While the free energies monotonically raise
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after entering the tail region and are less energetically favourable compared to that in water

phase. The energy difference between the monomers at their minima is much less than the dif-

ference at the bilayer center. In all cases, the energies required to reach the bilayer center are at

least 10 kT . Therefore it is unlikely to observe such transition using unbiased MD.

Table 1 lists the energy maxima, minima and their difference along the path shown in the fig-

ure. Monomers with lower energy minima also have lower energy maxima. The trend observed

can be attributed to the combination of two factors: electrostatic and hydrophobic interac-

tions. It is less favourable for charged monomers to enter DPPC compared to the uncharged

monomers. This suggests although the positively charged choline group in DPPC presents

favourable interaction with A(-) and B(-), this is overshadowed by the electrostatic interaction

with the negatively charged phosphate oxygen. The lower minima of B(-) than A(-) is likely

because its pendant side chain can better shield the charge. For A(0) and B(0), charge neutral-

ity diminishes the electrostatic effects and contributes to better interaction with the lipid head

group. The highly lipophilic DPPC tail region is electrostatically unfavourable for the charge

monomers and results in a much larger energy elevation than the neutral monomers. This is

especially the case with the less protected charge of A(-), hence its highest observed energy.

In their neutral forms, hydrophobic crowding favours the smaller A(0) and thus its lower en-

ergy than B(0). For the monomers, the energy is mainly controlled by the level of electrostatic

interaction.

Free Energy (kJ/mol) A(0) A(-) B(0) B(-)

Min −27.3±1.0 −8.66±0.4 −22.9±2.0 −15.6±0.8

Max 24.5±2.1 122±1.9 38.5±0.2 69.1±2.1

Difference 51.8±2.4 131±1.9 61.4±2.0 84.8±2.3

Table 1: Free energy summaries for monomers in both protonated and deprotonated states,
showing the free energy minima reached at the water-membrane interface, the maxima towards
the bilayer center and the difference between the maxima and minima.
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Polymers

PMFs were calculated for polymers consisting of five repeat units of monomers. Such strands

can be modelled as segments of experimentally tested pseudopeptides. We studied the free en-

ergy paths of poly(lysine isophthalamide) with different levels of phenylalanine grafting, which

is modelled by replacing some type A with type B. We prepared polymer with pure type A (no

grafts), namely AAAAA; and one B replacement of A at two different sites - AABAA and AAAAB;

and polymer BBBBB. AABAA and AAAAA were designed to mimic polymer with low level of

grafting, as 25% replacement was when marginal improvement in membranelysis started to be

seen and the BBBBB chain was to mimic higher percentage of grafting.8

To approximate intracellular and physiological pH conditions, we simulated fully depro-

tonated and protonated polymer strands. Because the state of all monomers are the same (no

partial protonation), we do not need to attach a charge state label to each monomer. Instead we

can assign an overall state "0" if it is fully neutral and a state "-" if it is fully deprotonated (nega-

tively charged). We used simulation with walls (see Methods section) for the charged polymers

in order to prevent build up of counterions on one side the membrane and the resulting elec-

trostatic fields, which can induce the nucleation of pores in the membrane.32

We show in Fig. 5 that some trends are the same as in the monomer case. The strands

all experience favourable interaction with the lipid head group and the free energy increases

upon entering the lipid tail. The energy maxima reached by the charged polymers at the bilayer

center are all higher than those reached by the neutral ones. While the neutral polymers all

have lower free energy minima (below dashed line on the right half zoom-in) compared to the

deprotonated ones.

The PMFs show the onset of favourable interaction between the lipid head group and BBBBB(-

) is the earliest along the pathway. This is most likely due its bulkier polymer size. Generally,

AABAA and AAAAB paths correspond more closely to that of the full A type polymer than full B

type. This suggest increasing level of grafting manifests in gradual transition on the free energy

trajectory. Intuitively, grafting the middle monomer (resulting in AABAA) will have a larger in-
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fluence on how the polymer strand packs as compared with grafting a terminal monomer. We

indeed see that the results for AAAAB follow the polymer AAAAA closer than AABAA. However, it

is interesting to see how AABAA(-) achieves a lower maxima towards the membrane core region.

Figure 5: PMFs for 5 repeat unit polymers of various compositions penetrating the DPPC bi-
layer. Semi-transparent grey colour surrounding each PMF line indicates the statistical error
bounds in WHAM estimation. The vertical line at 2.6 nm on the left plot represents the aver-
age position of the center of mass of the choline head groups. Regions to the left of the vertical
line correspond to the water phase and regions to the right of the vertical line correspond to
the lipid phase. A distance of 0 nm on the x-axis indicates the center of the lipid bilayer. The
horizontal dashed line on the right plot indicates free energy minima for charged ("-" state) and
uncharged ("0" state) polymer species.

Table 2 lists the energy maxima, minima and their differences along the free energy path.

Compared to the monomers, the level of favourable interaction with the head group has not

markedly changed with increased polymer size, while the maxima at the center of the bilayer

has risen significantly. The protonated polymers experience lower energy minima than charged

ones and the overall free energy differences do not vary greatly with their composition. This is

not the case for the charged polymers. Due to the heightened maxima, compositional change

results in much greater change in free energy. Contrary to the monomers, BBBBB(-) has a

higher maxima than AAAAA(-). This could mainly be attributed to two changes. Unlike in

the monomer case where the charge of A is poorly protected, having five repeat units estab-
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lishes a backbone that is capable of shielding the negative charges from the lipid tails even

without the help of pendant side chains of BBBBB(-). In addition, the negative charges create

intramolecular electrostatic repulsion between the monomer units which swells the polymers

when compared to their neutral forms. The pendant groups of BBBBB(-) will make the polymer

bigger than AAAAA(-) and thus cause larger unfavourable hydrophobic crowding. Advancing

the discussion below these changes are confirmed by the radius of gyration , which is bigger for

BBBBB(-).

The results here support the pH modulated membranelytic capability observed in experi-

ments.8,9 At physiological pH, polymers are in the charged state ("-" state above) and due to the

higher free energy penalties do not exhibit membrane penetration. The drop in pH upon enter-

ing endosome results in de-ionisation. As seen, when fully protonated, the free energy barrier

drops significantly which suggest easier passage. The PMFs indicate the pH effect predomi-

nately changes the interaction with the tail region where the energy drop upon protonation can

be over 100 k Jmol−1. The fully grafted polymer BBBBB has the most pronounced pH mediated

change as seen from the largest energy difference between fully protonated and charged states,

making it the most controllable polymer. However, the PMFs suggest that at the fully neutral

state, increased level of hydrophobic side chains does not energetically facilitate grafting onto

the membrane head group or contribute to formation of hydrophobic domains that better in-

teract with the bilayer core as hypothesised in the past.8,9 Instead, for the polymer fragments

investigated here, the composition does not correlate with the free energy of membrane disrup-

tion.

Because protonated polymers consistently interact better with lipid than ionised polymers

in the free energy curves, it is intuitive to postulate polymers with intermediate level of ioni-

sation would experience free energy barrier between the fully deprotonated and fully neutral

form. Combining this with experimental results showing protonation is in competition with

polymer precipitation, which destroys its membranelytic ability,9 it is possible that the higher

membranelytic activity of grafted polymer is due to its capability to reach higher protonation
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state before precipitation occurs.

Free Energy

(kJ/mol)

AAAAA

(0)

AAAAA

(-)

AABAA

(0)

AABAA

(-)

AAAAB

(0)

AAAAB

(-)

BBBBB

(0)

BBBBB

(-)

Min
−22.3

±1.2

−18.6

±1.4

−21.6

±1.0

−14.7

±2.2

−23.8

±1.0

−17.8

±0.6

−22.7

±0.9

−16.5

±0.9

Max
168

±3.7

258

±4.8

193

±3.9

226

±6.1

178

±5.6

258

±2.7

165

±2.3

339

±2.6

Difference
190

±3.9

277

±5.0

214

±4.0

241

±6.6

202

±5.7

276

±2.8

187

±2.5

355

±2.7

Table 2: Free energy summaries for polymers of different compositions, either in the fully proto-
nated or deprotonated states, showing the free energy minima reached at the water-membrane
interface, the maxima towards the bilayer center and the difference between the maxima and
minima.

In the above investigation, we have modelled the mechanism of membrane disruption as

pore formation, which is amongst a number of possible mechanisms for membrane disrup-

tion.11,46,47 One simulation study done by Yesylevsky et al. with natural peptide indicated that

micropinocytosis might be an efficient pathway as compared with pore formation.48 How-

ever, accurate modelling micropinocytosis requires much bigger lipid systems and the study

by Yesylevsky et al., only saw a possible onset of this process.

3.2 Radial Distribution Functions (RDF)

One aim of conformational analysis is to probe the polymer structure in aqueous solutions. We

focused on polymer strands AAAAA and BBBBB, as they have the largest differences in composi-

tion, and investigated their conformational states in fully protonated and deprotonated states.

The RDF of the solvent environment distribution around polymers were computed. The

RDF for a particular polymer was obtained from a single trajectory lasting 120 ns, with the poly-

mer solvated in a 6× 6× 6 nm3 SPC/E water cube, including the exact amount of buffer and

counter ions to obtain an electroneutral system. The first 30 ns of the simulation was treated
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Figure 6: Radial distribution functions of Na+ ion around (de-)protonated sites in the polymer.
The plots show the radial distribution function g(r) between carboxylate group (highlighted in
Fig. 2) carbon (either ’CO’ or ’CN’ carbon for type A and B monomer) and the Na+ cations. The
RDFs for each polymer were obtained from averaging the results from 1.5×103 frames spanning
30 ns. The y axis is represented in log scale to facilitate the representation and comparison of
the two top panels, where the maximum of the RDF reaches significant values of above 200.
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as an equilibration run. The last 90 ns of simulation was divided into 3 parts and the RDFs of

1500 frames within each time-span were averaged to test the consistency and convergence of

the radial distribution functions.

We first computed the RDF of water around the protonation site of the carboxylate groups

shaded in figure 2, using oxygen for water and the ’CO’ carbon for type A and ’CN’ carbon for

type B monomer . The RDFs feature a weak structure (see Figure 13 in the Supplementary In-

formation), indicating absence of strong solvation around specific binding sites. Water features

a slightly stronger structure when it is exposed to the BBBBB polymers, while changes in the

protonation state of the polymer do not modify significantly this structure. This is similarly

observed for the RDFs between the carboxylate groups and chloride ions (see Figure ?? in the

supplementary information).

We then examined the RDF of sodium ions around the carboxylate groups (see Fig. 6). The

profiles for the neutral polymers markedly fluctuate, but the RDF do not show prominent pri-

mary peaks close to the carboxylate groups, which would be indicative of strong binding. In

addition, these RDFs are fairly insensitive to the grafting type (A or B). In comparison, the RDFs

of the charged polymers show strong peaks at ∼ 0.3 nm, which are indicative of strong Na-

carboxylate binding. Inversion of the RDF via F (r ) = −kT ln g (r ), allows the estimation of the

free energy, F , of ion adsorption, from F (rmax)−F (r →∞), where rmax is the distance at which

we observe the first maximum in the RDF. The peak values of the RDFs for both charged poly-

mers are above 250, with the peak for AAAAA(-) being slightly higher, which indicates a higher

binding affinity for the ions compared to BBBBB(-). This is likely due to less steric hindrance

from the side chain. This translates in a free energy of ∼−5.5 k T for both polymers. Such bind-

ing free energies do not greatly affect how the charged polymers interact with the lipid head

group as can be seen from the aforementioned PMF minima, and the ions feature a significant

number of unbind and bind events, during our > 100 ns simulation trajectories.

Fig. 7 illustrates snapshots in the MD trajectory for the different polymers. In the neutral

polymer cases, no discernible bias of either type of ions was observed near the polymer, which
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supports the conclusions from the RDF profiles. For the charged ones, both trajectories often

show multiple sodium ions attracting to the carboxylate groups, at most one ion per carboxylate

group. In Fig. 7, both AAAAA(-) and BBBBB(-) are shown to have all five of its carboxylate groups

occupied. However, no ions are ever encapsulated, which is reflected in the small free energy of

adsorption estimated above. The short length of the polymer fragments can contribute to this,

since this will limit them from adopting conformations where multiple carboxylate groups can

point inwards to wrap sodium ions. Experiments with full length polymers have shown that

the polymers can trap pyrene, which is larger than the ions.8 The snapshots in Figure 7 also

show that the Cl− anions never get too close to the polymers, a fact that is reflected in the Cl−-

carboxylate groups RDFs, which feature very little structure (see Figure 14 in the Supplementary

Information). The snapshots represented in Figure 7, also show the presence of ion pairing near

the polymer structure, irrespective of the protonation state and chemistry of the polymer (c.f.

Figures 7-a and 7-d for AAAAA(0) and BBBBB(-) respectively.).

3.3 Conformationally Stable States of Polymers

In past computational studies,15,19 well-equilibrated time trajectories were used to extract shape

descriptors such as radius of gyration and polymer end-to-end distances, without differentiat-

ing specific conformational states. We have employed here the MSM approach to identify the

most long-lived conformation of each polymer in both water and at the water-lipid interface.

For each of the four polymers, 8 parallel MD trajectories were run for 100 ns, using the last

frame of the aforementioned 120 ns simulation as the common starting configuration. The to-

tal 800 ns trajectory was then used for the Markov state modelling.

Polymers in water

From GROMACS generated trajectories, we extracted only the polymer from each frame (one

frame per every 20 ps) and centered it. The first structure at time zero was chosen as the ref-

erence structure. We re-orientated every other structure in the trajectory against the reference

20



(a) AAAAA(0). No stable pairing with Na+ ion observed (b) AAAAA(-). Attracting multiple Na+ ions by carboxylate
group.

(c) BBBBB(0). No stable pairing with Na+ ion observed (d) BBBBB(-). Attracting multiple Na+ ions by carboxylate
group.

Figure 7: Simulation frames showing the Na+ ion distribution around the polymer. The poly-
mers are shown in licorice format and the ions as spheres with Na+ in yellow and Cl− in green.
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by minimising the root mean square distance between the coordinates of all atom pairs in a

given structure and the reference. In this way, the difference in structures due to the rotation

of the polymer fragments can be removed, and focus can be drawn on pure conformational

differences. We built the MSM of the BBBBB(-) in water with a set of parameters that gave op-

timal convergence and the same tuning parameters were used for all other polymers. First, we

used the xyz coordinates of every second backbone atom in each monomer, namely CE1, CF,

N1, CD, CB, N, as input descriptors (see Figure 2 for the meaning of these labels). These atoms

are shared by all four types of monomers which allows ease of comparison and they are suit-

able for describing the backbone folding states of each polymer. We did not chose every atom

in the backbone because the positions of adjacent atoms are heavily correlated. For each poly-

mer, the procedure above resulted in 90 descriptors (i.e. the xyz coordinates of 30 atoms). We

used TICA to project these coordinates into lower dimensional spaces, by selecting top ranked

columns from the diagonalised TICA eigenvector matrix that can describe 90% of the trajectory

dynamics. The new number of descriptors was around 30 for each polymer.

Next, the coordinate space was discretised using the k-means algorithm.49 Through numer-

ous trials for optimal convergence, 50 cluster centers were chosen. Implied time-scale analysis

was performed using a list of lag times ranging from 10 up to 300 frames (frames were extracted

every 20 ps). At small lag time, the decay time-scale (or correlation time) does not stay con-

stant with increasing lag time and only flattens starting from a lag time of above 100 steps (see

Figure 15 in the Supplementary Information). This indicates that the time correlation of the

polymer starts to die out beyond 100 frames, or 2 ns separations. Following this analysis we

selected a lag time of 200 frames to build the transition matrix.

Using PCCA, we sampled 100 structures belonging to the most stable conformational state

for each polymer. Figure 8 lists the longest decay time for each polymer with a representative

structure for that state. Representative structures were constructed by averaging the 100 struc-

tures to create an isosurface and overlaying on top one typical structure selected out of those

100. The colouring of the isosurface goes as red, orange, yellow, green, cyan, blue (rainbow
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colour except violet) with red indicating the N-terminus of the first monomer unit and blue the

C-terminus of the last monomer.

Tracing the colours, one can see the most stable states of the polymers are all coiled. The

polymers adopt a globular structure, while there is no significant difference on the level of fold-

ing upon protonation state change for both polymers. The calculated end to end distance distri-

butions of the polymers peaks around 1.3 nm for all polymers irrespective of their charge state

(fully extended polymer is over 5 nm). Another common measure of the polymer conformation

is the radius of gyration that characterises the average size of each polymer. Formally, it is de-

fined as : Rg =
√∑

i mi |ri−rcom |2∑
i mi

where the sums iterate through every atom (including those not

being used as descriptors for the MSMs) in the polymer with ri and mi being the corresponding

atomic coordinates and mass. rcom is the coordinate of the center of mass of the molecule.

Fig. 9 compares the radius of gyration for the polymers in water. It is intuitive to see that

type A polymers have smaller sizes than type B polymers due to the less bulky side chain. Due

to this, the charged form of A is still smaller than the neutral type B. Upon protonation, the

gyration distribution for both neutral polymers are left-shifted. This is in accordance with the

experimental findings, which attributed the cause to disappearance of electrostatic repulsions

between carboxylate groups.9 However, the same experiment showed the charged polymers

can adopt extended chain conformations. Our MSM structures do not show this trend. We

believe that this can be due to the shorter size of the polymers investigated here and the impact

of the polymer length on the limited electrostatic repulsion which may drive the formation of

the more extended conformations. We find the size reduction is more pronounced for type A,

the un-grafted polymer. Using the electrostatics argument, the less elaborate side chains of A

offer less shielding of the charges. Combining end to end distance measure with the radius

of gyration, we can infer the ends of polymer tend to point outwards rather than being buried

inside the polymer core.

As shown in the figure 8, an important finding from the MSM is the gross difference in decay

time across different polymer compositions. For type A, both charged states have similar decay
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Protonated Deprotonated

AAAAA
~32 ns ~30 ns

BBBBB
~4.5 ns ~100 ns

Figure 8: Longest lived conformations for each polymer in solution. The most stable conformer
of each polymer of a charge state is shown. The isosurface is constructed from averaging 100
structures sampled using PCCA (from a total of 800 ns simulations). The colouring goes as red,
orange, yellow, green, cyan, blue (rainbow colour order) starting from the N-terminus of the
first monomer to the C-terminus of fifth unit. One representative structure is overlaid on top
of the isosurface. The number underneath each figure is the decay time of the conformation
estimated from the transition matrix.
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time of intermediate length. This indicates the change in pH might not affect the rate of rear-

rangement of the polymer. In comparison, for type B, the addition of phenylalanine side chains

drastically stabilise the conformation of the charged form by 3 orders of magnitude. While in

the protonated form, BBBBB is extremely prone to re-folding. Based on the results, we hypoth-

esise the following. The ion affinities for both AAAAA(-) and BBBBB(-) are similar as shown in

the RDFs (see Figure 6). But the large hydrophobic groups severely hinder BBBBB(-) to transi-

tion between low energy conformers. In the protonated case there is no ion affinity drive for

conformers to stay put, but the hydrophobic chains increase the exposed area of the polymer

to the solvent, which might favour quicker polymer rearrangements.

Figure 9: Radius of gyration distributions for stable conformations of polymers in water. The
normalised distribution for each polymer is obtained from tallying 100 conformers from a total
of 800 ns simulations.

Polymers at the water-bilayer interface

We then simulated the polymers residing at the water-lipid interface. As seen in the free energy,

polymers like to be at the interface, hence additional simulations were performed with the poly-
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mers placed at the interface. This was done for each polymer by picking a starting frame from

a simulation window obtained from previous umbrella sampling and running 30 ns simulation

without restraining it. On average the polymer center of masses were 2 nm from the bilayer cen-

ter of masses for the starting frames. We performed the same MSM analysis explained before

for these new trajectories. This time, during TICA dimension reduction, only around ten de-

scriptors were needed to describe 90% of the observed dynamics, suggesting that the presence

of lipid head group greatly restricts the possible folds of the polymer backbones.

Fig. 10 depicts the radii of gyration. The size distributions now span a large range and all

species experience a right-shift in peak compared to bulk water. This suggests the polymers

adopt more extended conformations due to the presence of the lipid head groups. We find that

BBBBB(-) has the largest radius of gyration (see Figure 10). This is consistent with the free en-

ergy minima observed before as the polymer is able to interact with the DPPC head groups at

larger distance of separation. In the interfacial environment, the reduction in size due to pro-

Figure 10: Radius of gyration distributions for stable conformation of polymers at water-lipid
interface. The normalised distribution for each polymer is obtained from tallying 100 conform-
ers obtained from a total of 800 ns simulations.
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tonation is more pronounced for both polymers. This is somewhat counter-intuitive. More

extended structures should have the side chains further away from one another. In turn, the

electrostatic repulsions felt would be reduced. Upon protonation, the weakening of charge re-

pulsions should thus have less effect on the size of the polymer. One possible explanation is the

positive amino groups of the lipid attract the neutral and charged polymer to different extend.

This would manifest in the different level of preferential alignment of C-O vectors at the proto-

nation sites with the lipid normal. We found little differences in the probability distribution of

the C-O vector orientation with respect to the bilayer plane.

Stable polymer conformations at the interface are shown in figure 11. It is evident the back-

bones are more elongated in all cases. Consequently, the polymers have simpler folds, espe-

cially for the charged ones, where the isosurfaces show there is only one major bend approxi-

mately in the middle of both polymer chains. Comparison of the isosurface and the overlayed

single structures indicate that the side chains of type B polymers tend to adhere to the back-

bone when the polymer is in bulk water, while at the interface, the side groups become more

floppy and withhold from following the backbone trace.

The analysis of the isosurfaces for bulk water and the interface indicates a transition in the

shape of the polymer, from coiled or globular to a less symmetric, rod-like form. An interest-

ing question is whether this conformation change is driven by the interaction area with the

membrane surface. We visually inspected the relative orientation of the polymers with the lipid

surface. In the trajectories, the polymers tend to lie on the surface to increase the contact area.

Fig. 12 shows a representative frame. This supports experimental findings on these polymers8

as well as the favourable free energy of interaction between polymer and lipid head group re-

ported above.

The conformer decay times for all polymers are similar and short. This suggests the back-

bones can rapidly rearrange. Intuitively, making larger conformational changes is instrumen-

tal to tear open the bilayer. All but one polymer has much longer decay time in water than

at interface - only BBBBB(0) has comparable decay time in water and at the interface. This
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hints at a possible kinetic drive for the observed better membranelysis ability of neutral type

B.8 BBBBB(0) does not have conformational basin irrespective of the environment. Thus, it can

most rapidly transition to the elongated form upon approaching the bilayer and initiate tearing.

4. Conclusions

In this study, we built the foundation for analysing a novel class of polymers with drug delivery

potential, namely, poly(lysine iso-phthalamide) with and without phenylalanine grafted side

chains. We constructed force field parameters for different monomer units and defined rules

for concatenating monomers. With such implementation, polymers of various length and com-

positions can be simulated.

We then focused on fully protonated and deprotonated species and calculated their free

energy changes during the membrane penetration process. We found the protonated forms in-

curred less energetic penalties than the deprotonated ones in order to reach the lipid core. This

is in support of experimental findings that membranelysis by these polymers occur at lowered

pH in the cell. When fully protonated, the free energy minima and maxima experienced by the

grafted and un-grafted polymers were found to be very similar. This suggests the experimen-

tally observed better membranelytic capability of grafted polymer was possibly mainly due to

its ability to achieve higher level of protonation before precipitation.

MSM was used for the first time to study drug delivery molecules. It provided a molecu-

lar level understanding of the fold states of short polymer strands. All polymers became more

elongated going from water to the membrane surface to gain interaction surface with the lipid

head groups. From time-scale analysis using MSM, the protonated grafted polymer was the

only species that had comparably short conformational transition time (on the order of a few

nanoseconds) in water and at the interface. We hypothesise that its ability to most rapidly

switch from its water phase conformation to that at interface is a possible kinetic factor for

the observed better performance.
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Protonated Deprotonated

AAAAA
~3.5 ns ~4.0 ns

BBBBB
~3.5 ns ~4.0 ns

Figure 11: Longest lived conformations for each polymer at lipid-water interface. The most
stable conformer of each polymer of a charge state is shown. The isosurface is constructed
from averaging 100 structures (from a total of 800 ns simulations) sampled using PCCA. The
colouring goes as red, orange, yellow, green, cyan, blue (rainbow colour order) starting from the
N-terminus of the first monomer to the C-terminus of fifth unit. One representative structure
is overlaid on top of the isosurface. The number underneath each panel represents the decay
time of the conformation estimated from the transition matrix.
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Figure 12: Illustration of relative orientation of polymer AAAAA(-) with the lipid surface. The
lipid bilayer is represented semi-transparently for clarity. The polymer strand is coloured the
same order as the isosurface representations in Figure 11.

Further works can be performed in a number of directions. The primary investigation should

be on calculating PMFs for partially protonated species for type A and B polymers. This will con-

firm whether free energies paths are indeed between those observed for the fully protonated

and deprotonated forms. If so, this will consolidate the level of protonation as the main cause

of membranelytic ability. In addition, the same analysis can be run on polymers with different

combinations of A and B, or on polymers with other amino acid grafts after constructing their

force fields.

With increased system sizes and longer simulation time, we could approximate the exper-

imentally observed polymer cooperativity by simulating multiple strands and observe inter-

polymer interactions. Simulation of polymers with more repeat units can better mimic larger

scale polymer arrangements.
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