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pH response of conformation of poly(propylene imine) dendrimer in water: a molecular
simulation study

Chaofu Wu*

Department of Chemistry and Materials Science, Hunan University of Humanities, Science and Technology, Loudi 417000,
People’s Republic of China

(Received 11 September 2009; final version received 16 July 2010)

This work presents the first molecular dynamics simulation of poly(propylene imine) (PPI) dendrimer in explicit water under
various pH conditions. The sizes, shapes, surfaces/volumes and density profiles of the PPI dendrimer are analysed. The PPI
dendrimer essentially approaches the perfect sphere under all pH conditions, and higher pH leads to more globular structure.
The radius of gyration, solvent-accessible surface area (SASA) and solvent-excluded volume (SEV) are all found to increase
significantly from high pH to neutral pH and to level thereafter until low pH, which illustrate the dramatic changes in the
whole conformation of the dendrimer. These behaviours of the PPI dendrimer quite differ from those of polyamidoamine
[Liu, et al. J. Am. Chem. Soc. 2009, 131, 2798–2799], which can be explained by the favourable interactions arising from
the additional amide groups. The density profiles have also been calculated to confirm the shifts of density and back-folding
of terminals and penetrations of water.
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1. Introduction

Dendrimers, as a kind of regular dendritic polymers, exhibit

many remarkable properties, such as well-defined structure,

monodispersity, polyvalence, low viscosity, which enable

the great potentials in DNA delivery, biological reagents,

catalysts, nanobiological devices, etc. [1]. Therefore,

dendrimers are of great interests both academically and

commercially.

Extensive experimental studies have been devoted to

elucidating the structure, shape and morphology of

dendrimers. However, it has been pointed out that complete

experimental characterisation of dendrimers at atomistic

level is very difficult, which has lagged the rapid progress in

synthesis and design [2]. On the contrary, detailed

structural information can be obtained readily from the

theoretical and computational techniques, which proved to

be the important supplements for the experimental

techniques [3]. Among these techniques, molecular

simulation methods, in particular molecular dynamics

(MD), are very fascinating since they can provide atomistic

structure and interactions.

Polyamidoamine (PAMAM) and poly(propylene

imine) (PPI) are two of the commercially available

dendrimers, which closely resemble each other except the

repeating units between the neighbouring branches. The

structure of PAMAM dendrimers, either in melts or in

solutions, has been extensively studied using the MD

simulation method [4–15], where the model systems were

refined stepwise to reproduce the experimental

observations; surprisingly, only few MD simulations at

atomistic level have been carried out on the PPI dendrimer

[16–19]. What is more, for these studies, the solvents are in

the absence to model the cases of poor solvents. In the

practical applications, the dendrimers are generally

dissolved into good solvents, i.e. water or methanol.

Thus, MD simulations of PPI dendrimers in explicit

solvents would be more realistic.

The influence of pH on the size and structure of

dendrimers is another important issue, since it is closely

related to the utilisation as drug delivery vehicles in

physiological environments. A recent study [20] has found

that PPI dendrimers are useful in solubility enhancement of

amphoteric drugs, and their solubilisation ability can be

clearly regulated by pH. The earlier MD simulation study

on effects of pH was carried out on the PAMAM

dendrimers by Lee and co-workers [4]. This was extended

to higher generations in solutions by Maiti [8,10] and Opitz

[11] and their co-workers. Inferred from the experiments

and confirmed by the recent simulations [14], PAMAM

dendrimers undergo pH-responsive conformational

changes without swelling. For PPI dendrimers, such MD

simulations and experiments have never been carried out

previously. However, it has been claimed through the

experimental methods that protonation behaviours under

various pH are somewhat different for the PPI and

PAMAM dendrimers [21–23], which can lead to the

different pH response of conformation of PPI dendrimers

from the PAMAM dendrimers.
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In a word, the structure of PPI dendrimer in solution

has not been completely cleared. As a consequence, this

work represents a first report of MD simulation of PPI

dendrimer in explicit aqueous solutions. The confor-

mation of the five-generation PPI dendrimer terminated

by primary amines (G5-NH2) is extensively studied. Main

focuses are placed on the pH effects on these properties

of the dendrimer. These results of PPI dendrimers are

compared to those of PAMAM dendrimers reported

previously. This work contributes to thoroughly under-

standing the structure – properties relationship of

dendrimers.

2. Computational details

The whole procedure is shown in Figure 1, where the

model building and molecular simulations were arranged

in two columns. To obtain a reasonable structure, these

two kinds of steps were executed alternately. The

GROMACS-4.0.5 [24,25] program was employed in

parallel for completing most of these calculations except

that in the initial stage the commercial Materials Studio-

4.0 software (Accelrys Co., San Diego, CA, USA,

available at http://accelrys.com/) was used to build a

single PPI dendrimer in vacuum.

The model began with building the constituent

residues, whose chemical structures are shown in

Figure 2, were constructed atom by atom. Such a definition

of residues is special, ensuring that the residues had the

integral charges 0–2, depending on the protonation state of

amine nitrogen atoms. The partial charges were obtained

from the COMPASS [26] force field, as tabulated in Tables

A1–A3 of Appendix. A single G5-NH2 PPI dendrimer

molecule was built generation by generation based on

those residues. After each new generation was built, energy

minimisations (EM) were carried out using the steepest

descent followed by the conjugate gradient algorithms.

The optimised PPI dendrimer molecule was then put into a

rhombic dodecahedron box where the periodic boundary

conditions and minimum image conventions were

imposed. To use the rhombic dodecahedron instead of

cubic box is to save volume about 19% [6]. The box whose

edges were 1.6 nm (1 nm ¼ 1029 m) away from the solute

was big enough to avoid too many interactions from the

images. To randomise this bulk system, the quenching and

Residues COR, BRU, TER
1,000 steps of SD
10,000 steps of CG

1,000 steps of SD
10,000 steps of CG

5 cycles of 100 ps NVT MD (T=1,000 K

Berendsen) and 1000 steps of CG

1 single SA of 2ns NVT MD (T=300

320...400...320 300 K, every 100 ps)

1,000 steps of SD

10,000 steps of CG

PR MD of 100 ps NVT MD (T=300 K, Berendsen)

2 ns of NVT MD (T=300 K, Berendsen; P=1

bar, Berendsen)

4 ns of NPT MD (T=300 K, Nosé-Hoover; P=1

bar, Parrinello-Rahman)

5 ns of NVT MD (T=300 K, Nosé-Hoover)

1,000 steps of SD

10,000 steps of CG

500 ps of NVT MD (T=300 K, Berendsen)

5 ns of NVT MD (T=300 K, Nosé-Hoover)

1,000 steps of SD

10,000 steps of CG

500 ps of NVT MD (T=300 K, Berendsen)

5 ns of NVT MD (T=300 K, Nosé-Hoover)

PPI dendrimer in vacuum

PPI dendrimer in bulk

PPI solution at high pH

PPI solution at neutral pH

PPI solution at low pH

Figure 1. Flow chart of model building (left column) and molecular simulation (right column) in this work.
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annealing procedures were employed using NVT MD

and alternatively followed by EM methods. These

procedures would ensure to derive an optimised structure

for PPI solutions. Another NPT MD simulation was carried

out to reach the stable cell volume. One configuration with

the cell volume closest to the equilibrium value was chosen

for starting all the following simulations.

Essentially, three model systems at three protonation

levels were simulated in detail using NVT MD simulation

methods. The details of these model systems are shown in

Table 1. According to the acid–base titration experiments

[21–23], they correspond to three different pH conditions:

high pH (.14) with the PPI fully deprotonated (uncharged

dendrimer), neutral pH (,10), where all amine groups in

odd shells, including the outermost primary amine groups

and the odd shells of tertiary amine groups, were

protonated, and low pH (,5) with PPI fully protonated.

These PPI dendrimers were solvated with the explicit

water shell with the thickness 1.5 nm. As for neutral and

low pH, the Cl2 counterions with defined number were

added to neutralise the negative charges on the dendrimer.

These model systems were subjected to a position

restrained NVT MD simulation for 100 ps

(1 ps ¼ 10212 s) so that the solvents and counterions can

derive a good disperse around the PPI dendrimers.

Subsequently, 5 ns (1 ns ¼ 1029 s) of NVT MD simu-

lations without restrains were performed for collecting

data, of which the last 2 ns were used to analyse the

structure and properties of the model systems.

The original parameters of OPLS-AA [27] force field,

except the partial charges, were employed for modelling the

interactions in PPI dendrimers. Using the COMPASS

charges mixed with the original OPLS-AA parameters was

a bit arbitrary. However, the two kinds of charges, except a

few terms, were similar in value (Tables A1–A3 of

Appendix). Accordingly, TIP4P [28] water was used.

To reduce the computational costs, the cut-off and fast

particle-mesh Ewald [29] methods were employed for the

van der Waals and electrostatics interactions, respectively.

In the equilibration phases, the temperature and pressure

were controlled by the Berendsen et al. [30] methods. When

it came to collecting data, the Nosé–Hoover [31,32] and

Parrinello and Rahman [33] methods were employed for

coupling the temperature and the pressure, respectively. For

all the MD simulations, the leap-frog algorithm was used to

update the configuration with the time step of 1 fs

(1 fs ¼ 10215 s). The last snapshots from the MD

simulations were shown in Figure 3 for the three model

systems.

3. Results and discussion

By scrutinising the snapshots of trajectories using the

VMD-1.8.6 [34] software, some conformation character-

isations of PPI dendrimers can be qualitatively learned

of, i.e. shape, swelling of size, increase of surface, shifts

of density, back-folding of terminals and penetration

of water. To quantify these behaviours, some specific

properties were computed as follows.

Table 1. Details of model systems for G5-NH2 PPI solutions under various pH conditions.

pH No. of PPI atoms No. of waters Charge of PPI No. of Cl2

High (.14) 1382 3330 0 0
Neutral (,10) 1466 3246 84 84
Low (,5) 1508 3204 126 126

CH2 CH2 N
CH2

CH2

COR

BRU

TER

1 2

1 2
CH2

N
CH2

CH2 CH2 CH2 CH2 N

CH2

CH2

CH2 CH2 NH2

1 2

3

Figure 2. Chemical structure of various residues on G5-NH2 PPI dendrimer without protonation. For all the residues, the non-hydrogen
atoms are named after the element followed by a number, which starts with one and increases from the left to the right or from the top to
the bottom. And the hydrogen atoms are named H followed by the number of their bonded non-hydrogen atoms and another number,
which differ from each other. The names of all the atoms in the residues are shown in Tables A1–A3 of the Appendix.
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3.1 Size of PPI dendrimer

The size of a dendrimer is an important parameter for

almost all its applications. To characterise size of the

dendrimer, the radius of gyration Rg is computed

according to its definition

kR2
gl ¼

1

M

XN
i¼1

mijri 2 Rj
2

* +
; ð1Þ

where mi is the mass of atom i; ri is the position of atom i;

M is the total mass; R is the position of the centre of mass

and N is the total number of atoms.

Rg as function of simulation time at the last 2000 ps is

presented in Figure 4 for the three pH conditions. It can be

obviously seen that the simulation time is long enough to

attain the equilibrium values. The results as obtained by

averaging over the last 2000 ps are represented in Table 2.

For the high pH condition, the computed Rg is

1.234 ^ 0.007 nm, which compares well with other

simulated value 1.25 nm using the original CVFF force

field [16]. However, the different simulation conditions, i.e.

with explicit water in this work and without any water in

their work, make this comparison hard. In practice, the

experimental value as obtained by SANS is reported as

1.39 nm [16]. Note also that the SANS was performed on

1% aqueous solutions whereas this simulation was carried

out on about 10% aqueous solution. Less good solvent (i.e.

Table 2. Specific properties of the G5-NH2 PPI dendrimer in
water under various pH conditions.

pH
Rg

(nm) d
SASA
(nm2)

SEV
(nm3)

High (.14) 1.234 ^ 0.007 0.0027 75.53 15.4
Neutral (,10) 1.599 ^ 0.014 0.0059 127.41 18.2
Low (,5) 1.583 ^ 0.018 0.0091 125.19 18.2

Figure 3. Snapshots of PPI dendrimer at high (a), neutral (b)
and low pH (c), the protonated hydrogen atoms are displayed in
green CPK ball (colour online).

0 500 1000 1500 2000
1.2

1.4

1.6

1.8

2.0

R
g 

(n
m

)

t (ps)

High pH
Neutral pH
Low pH

Figure 4. Radii of gyration as function of simulation time for
G5-NH2 PPI dendrimer under various pH conditions.
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water) can swell the dendrimer less, leading to the lowerRg.

Therefore, the employed model and algorithm can be

considered acceptable.

For the neutral and low pH conditions, no correspond-

ing experimental or simulation data are available for direct

comparisons. However, only the Rg values at these two pH

conditions are independent of pH, which show a significant

increase (,30%) from the high pH. Such a trend of PPI

dendrimer is quite different from that of PAMAM

dendrimer [14]. It can be explained that it is the additional

amide groups that cause the difference. Namely, such amide

groups on the PAMAM dendrimer tend to form adequate

hydrogen bonds (HB), which can cancel the partial

influence of additional repulsion interactions arising from

the protonation of amine groups. Brocorens and co-workers

[19] found amide-terminated PPI dendrimers adopt

morphologies with the higher number of HBs possible

than amine-terminated PPI dendrimers, which seems to

support this assumption. Nevertheless, this issue deserves a

further direct investigation. It should also be noted that a

further titration (i.e. at pH ¼ 5) would not change the size of

the dendrimer significantly since at pH ¼ 10, the PPI

dendrimer has approached the extended limit.

3.2 Shape of PPI dendrimer

In general, high generation dendrimers approach spherical

shape. Therefore, asphericity or relative shape anisotropy

is frequently used to quantify the shape of a dendrimer,

which is estimated as

d ¼ 1 2 3

P
i–j

IiIj

* +

P
i

I2
i

� � ; ði; j ¼ x; y; zÞ; ð2Þ

where Ix, Iy and Iz are the principal moments of the

equivalent ellipsoid. When the shape of a dendrimer is

perfectly spherical, this quantity assumes the value of 0.

The asphericity of PPI dendrimers in aqueous solutions

is also shown in Table 2 for various pH conditions. It can

be seen that under all pH conditions, the PPI dendrimer is

close to the perfect spherical ones, indicating the high

flexibility of chains. Moreover, a higher pH leads to a more

globular structure. This can be considered as a

consequence of additional electrostatic repulsion between

protonated primary and tertiary amines. Zacharopoulos

and Economou [18] has ever reported a value about 0.10

for the G5 PPI dendrimer in the melt, which shows less

spherical shape than the same dendrimer in the solution.

This confirms Maiti’s opinions that the favourable

interactions with the solvent make the shape of the

dendrimer more spherical compared to the case with no

solvent [8].

3.3 SASA/SEV of PPI dendrimer

For applications of dendrimers, surface area and internal

volume are two more important properties than size and

shape, which can be defined by the solvent-accessible

surface area (SASA) and solvent-excluded volume (SEV),

respectively. The double cubic lattice method (DCLM)

[35] was employed for these calculations, where the radius

0.14 nm of probe (H2O) and 24 dots per sphere were

adopted.

The calculated results of SASA and SEV at various pH

conditions are also tabulated in Table 2. It can be seen that

the SASA increases by 68.6% from high to neutral pH and

levels from neutral pH to low pH, while the SEV increases

by 18.2% and levels between the two sections,

respectively. Bigger SASA at both neutral and low pH

indicates the great potentials of PPI dendrimer utilised as

catalysis. The significant increase in SASA and SEV

implies more interactions to occur between the PPI

dendrimer and water, which are in good agreement with

the variations of Rg. This behaviour illustrates the dramatic

change in the entire conformation, i.e. from tension to

looseness. Note that this vision of the PPI dendrimer quite

differs from that of PAMAM dendrimer in that the latter

indicates a moderate decrease in SASA and SEV [14].

Once again, this difference can be related to the amide

groups between the neighbour branches on the PAMAM

dendrimers.

3.4 Density profiles of PPI dendrimer

The average radial density r(r) provides a more detailed

descriptor for the conformation of dendrimer, which is

defined as the number of atoms divided by the volume

r 2 dr within the spherical shell of radius r and thickness dr.

Thus, the integration over r from 0 to R would yield the

total number of atoms N(R) at distance R from the centre of

mass of dendrimer

NðRÞ ¼ 4p

ðR
0

rðrÞr 2 dr: ð3Þ

It can be inferred that smaller thickness of concentric shells

would be too noisy [6]. Therefore, 0.1 nm is employed in

the calculations. Moreover, the first three shells (up to

,0.3 nm) have been omitted because they only contain a

few atoms in the too small volume of shells which can lead

to highly inaccuracy [16].

Figure 5(a) represents the radial density distributions of

PPI dendrimers for the three pH. Some common features

can be found for all: (1) total density shows two maxima

and a minimum between them, just like a spike; (2) the first

maximum is at around 0.3 nm away from the core, meaning

a ‘dense-core’ structure; (3) the minimum is located at

0.6 nm away from the core and (4) the second maximum
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is followed by a monotone decay to 0. The shapes of these

density profiles support the assumption that many cavities

are located in the dendrimer, as shown in Figure 3, which

are the basis of many desirable applications. Note also the

second maximum density of the PPI dendrimer shifts from

0.7 nm at high pH to 1.2–1.3 nm at neutral or low pH. In the

pH-responsive behaviour, PPI dendrimer closely resembles

PAMAM dendrimer [14], which suggests that the

conformation changes from a ‘dense core’ (high pH) to a

‘dense shell’ (low pH). This seems reasonable that pH can

be used as a trigger for hosting or releasing small molecules

such as drugs in the drug delivery.

Figure 5(b) shows the density profiles of terminal

nitrogen atoms on PPI dendrimer under the three pH

conditions. These distribution functions nicely illustrate

that the amine end groups are distributed throughout the

dendrimer molecule. Specially, at high pH, the density

profile of PPI dendrimer exhibits a plateau region covering

three peaks, followed by a monotonic decrease in the

density towards the exterior of the molecule, which is

closely similar to that of PAMAM dendrimer [8].

The highest peak at distance about 0.7 nm from the core

indicates that there is significant back-folding of the outer

subgeneration throughout the interior of the molecules.

However, when pH is either neutral or low, the density

profile behaves just like climbing a ladder with three pedals

corresponding to the three broad peaks, which implies that

terminal amine groups prefer to be located at the periphery

of the molecules. This picture is in accord with the swelling

of the PPI dendrimer as suggested by the radius of gyration.

Figure 5(c) plots the density profiles of water molecules

around the centre of mass of PPI dendrimer for various pH.

It can be obviously observed that many water molecules

have penetrated throughout the interior of the dendrimer

(Figure 5(a)). For all the three conditions, it can be found

that before reaching the bulk density of water an abrupt

increase in density takes place at the distance equal to the

corresponding radius of gyration. The density profiles of

both neutral and low pH are essentially similar to each

other, except that the former is a slight higher than the latter.

However, at the same distance up to 1.4 nm, the densities of

both neutral and low pH are much higher than that of the

high pH, indicating that more water molecules have been

encapsulated into the interior of dendrimer.

4. Conclusions

MD simulations at atomistic level have been carried out on

aqueous solutions of PPI G5-NH2 dendrimer under a wide

pH ranging from 14 to 5. The energies, densities and in

particular radii of gyration suggest that all the model

systems have been brought into equilibrium, which indicate

the superiority of the adopted stepwise strategy, i.e.

quenching and annealing. Generally, the calculated

properties compared well with the limited experimental

and simulation data, which validate the OPLS-AA and

TIP4P force fields as well as the partial charges. For all pH

conditions, the PPI dendrimer in essence approaches the

perfect sphere, and higher pH leads to more globular

structure. With the variation of pH from high to neutral

0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7
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20
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Figure 5. Radial density profiles of all atoms (a) and primary
amine nitrogen atoms (b) on the G5-NH2 PPI dendrimer, and all
atoms on water (c).
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or low, the radius of gyration, SASA and SEV exhibit

significant increase, which illustrate the dramatic change in

the whole conformation of PPI dendrimer, i.e. from tension

to looseness. These behaviours of the PPI dendrimers are

quite different from those of PAMAM dendrimers in that

the latter undergo conformation change without swelling.

These differences can be traced to the additional

interactions arising from the amide groups between the

neighbour branches on the PAMAM dendrimers. This issue

deserves a further investigation in the future. The density

profiles of all atoms and terminal nitrogen atoms on PPI

dendrimers and all atoms of water molecules confirm the

shifts of density and back-folding of terminals and

penetrations of water, as found for many other dendrimers.

These characterisations seem to indicate the great

potentials of PPI dendrimers employed in drug convey

and catalysis. More simulations or experiments combined

with theories are required to realise these applications since

this is the first MD simulations of PPI dendrimers in explicit

water solutions under various pH conditions.
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Appendix

Table A1. Atom types and partial atom charges of protonated and deprotonated COR residues.

Deprotonated Protonated

Atom
Atom type
OPLS-AA

Partial charge
COMPASS

Partial charge
OPLS-AA Atom

Atom type
OPLS-AA

Partial charge
COMPASS

Partial charge
OPLS-AA

C1 Opls_908 0.081 0.09 C1 opls_943 0.301 0.15
H11 Opls_911 0.053 0.06 H11 opls_911 0.053 0.06
H12 Opls_911 0.053 0.06 H12 opls_911 0.053 0.06
C2 Opls_908 0.081 0.09 C2 opls_943 0.301 0.15
H21 Opls_911 0.053 0.06 H21 opls_911 0.053 0.06
H22 Opls_911 0.053 0.06 H22 opls_911 0.053 0.06
N3 Opls_902 20.561 20.63 N3 opls_940 20.501 20.1
– – – – H31 opls_941 0.280 0.29
C4 Opls_908 0.081 0.09 C4 opls_943 0.301 0.15
H41 Opls_911 0.053 0.06 H41 opls_911 0.053 0.06
H42 Opls_911 0.053 0.06 H42 opls_911 0.053 0.06
C5 Opls_136 20.106 20.12 C5 opls_136 20.106 20.12
H51 Opls_140 0.053 0.06 H51 opls_140 0.053 0.06
H52 Opls_140 0.053 0.06 H52 opls_140 0.053 0.06
C6 Opls_136 20.106 20.12 C6 opls_136 20.106 20.12
H61 Opls_140 0.053 0.06 H61 opls_140 0.053 0.06
H62 Opls_140 0.053 0.06 H62 opls_140 0.053 0.06
C7 Opls_908 0.081 0.09 C7 opls_943 0.301 0.15
H71 Opls_911 0.053 0.06 H71 opls_911 0.053 0.06
H72 Opls_911 0.053 0.06 H72 opls_911 0.053 0.06
N8 Opls_902 20.561 20.63 N8 opls_940 20.501 20.1
– – – – H81 opls_941 0.280 0.29
C9 Opls_908 0.081 0.09 C9 opls_943 0.301 0.15
H91 Opls_911 0.053 0.06 H91 opls_911 0.053 0.06
H92 Opls_911 0.053 0.06 H92 opls_911 0.053 0.06
CA Opls_908 0.081 0.09 CA opls_943 0.301 0.15
HA1 Opls_911 0.053 0.06 HA1 opls_911 0.053 0.06
HA2 Opls_911 0.053 0.06 HA2 opls_911 0.053 0.06
S – 0 0 S – 2 2
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Table A2. Atom types and partial atom charges of protonated and deprotonated BRU residues.

Deprotonated Protonated

Atom
Atom type
OPLS-AA

Partial charge
COMPASS

Partial charge
OPLS-AA Atom

Atom type
OPLS-AA

Partial charge
COMPASS

Partial charge
OPLS-AA

C1 Opls_136 20.106 20.12 C1 opls_136 20.106 20.12
H11 Opls_140 0.053 0.06 H11 opls_140 0.053 0.06
H12 Opls_140 0.053 0.06 H12 opls_140 0.053 0.06
C2 Opls_908 0.081 0.09 C2 opls_943 0.301 0.15
H21 Opls_911 0.053 0.06 H21 opls_911 0.053 0.06
H22 Opls_911 0.053 0.06 H22 opls_911 0.053 0.06
N3 Opls_902 20.561 20.63 N3 opls_940 20.501 20.10
– – – – H31 opls_941 0.280 0.29
C4 Opls_908 0.081 0.09 C4 opls_943 0.301 0.15
H41 Opls_911 0.053 0.06 H41 opls_911 0.053 0.06
H42 Opls_911 0.053 0.06 H42 opls_911 0.053 0.06
C5 Opls_908 0.081 0.09 C5 opls_943 0.301 0.15
H51 Opls_911 0.053 0.06 H51 opls_911 0.053 0.06
H52 Opls_911 0.053 0.06 H52 opls_911 0.053 0.06
S – 0 0 S – 1 1

Table A3. Atom types and partial atom charges of protonated and deprotonated TER residues.

Deprotonated Protonated

Atom
Atom type
OPLS-AA

Partial charge
COMPASS

Partial charge
OPLS-AA Atom

Atom type
OPLS-AA

Partial charge
COMPASS

Partial charge
OPLS-AA

C1 Opls_136 20.106 20.12 C1 opls_136 20.106 20.12
H11 Opls_140 0.053 0.06 H11 opls_140 0.053 0.06
H12 Opls_140 0.053 0.06 H12 opls_140 0.053 0.06
C2 Opls_906 0.081 0.06 C2 opls_292 0.301 0.19
H21 Opls_911 0.053 0.06 H21 opls_911 0.053 0.06
H22 Opls_911 0.053 0.06 H22 opls_911 0.053 0.06
N3 Opls_900 20.893 20.9 N3 opls_287 20.247 20.3
H31 Opls_909 0.353 0.36 H31 opls_290 0.280 0.33
H32 Opls_909 0.353 0.36 H32 opls_290 0.280 0.33
– – – – H33 opls_290 0.280 0.33
S – 0 0 S – 1 1
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