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Molecular dynamics simulation of human interleukin-4:
comparison with NMR data and effect of pH, counterions

and force field on tertiary structure stability
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(Received April 2007; in final form August 2007)

The human protein interleukin-4 (IL-4) has been simulated at two different pH values 2 and 6, with different amounts of
counterions present in the aqueous solution, and with two different force-field parameter sets using molecular dynamics
simulation with the aim of validation of force field and simulation set-up by comparison to experimental nuclear magnetic
resonance data, such as proton–proton nuclear Overhauser effect (NOE) distance bounds, 3J(HN,HCa) coupling constants
and backbone NZH order parameters. Thirteen simulations varying in the length from 3 to 7 ns are compared.

At pH 6 both force-field parameter sets used do largely reproduce the NOE’s and order parameters, the GROMOS 45A3 set
slightly better than the GROMOS 53A6 set. 3J values predicted from the simulation agree less well with experimental values.
At pH 2 the protein unfolds, unless counterions are explicitly present in the system, but even then the agreement with
experiment is worse than at pH 6. When simulating a highly charged protein, such as IL-4 at pH 2, the inclusion of
counterions in the simulation seems mandatory.
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1. Introduction

During protein folding, a series of intermediate confor-

mations are sampled prior to the appearance of the native

fold. This makes an accurate description of the unfolded

and the intermediate conformational states crucial to our

understanding of protein folding [1–3]. Partial or

complete denaturation of proteins can be achieved in

vitro by various solution conditions, such as addition of

denaturant, extremes of pH, salt concentrations or

temperatures [4]. There is much interest in characterising

the non-native states formed under such conditions and

comparing their properties with those of globular proteins.

These studies provide insights into issues such as protein

3D structure, stability and folding [5,6]. They also have

significance with regard to understanding diseases

associated with protein misfolding and the aggregation

of non-native protein species. Such diseases include cystic

fibrosis, Alzheimer’s and the spongiform encephalophies

[7]. Among the series of intermediate states, molten globule

ensembles are of considerable interest [8,9]. A number of

proteins (e.g. a-lactalbumin, carbonic anhydrase B and b-

lactoglobulin) have been found to form molten globular

states under mild denaturing conditions. Molten globule

ensembles are characterised by having a pronounced amount

of secondary structure in a compact state that lacks most of

the specific tertiary interactions coming from tightly packed

side-chain groups.

Interleukin-4 (IL-4) is a pleiotropic type 1 cytokine,

which plays a central role in the control and regulation of

the immune and inflammatory systems [10]. The most

notable functions of IL-4 include the development of T-

helper cells to a type 2 cytokine-producing phenotype. IL-

4 evokes a cellular response by promoting the formation

of a heterodimeric receptor complex in the plasma

membrane [11–13]. The 3D structure of IL-4 under native

conditions has been established in solution [14,15] and

in crystals [16–18]. IL-4 is one of the four helix bundle

cytokines [19] that are characterised by antiparallel

juxtaposed helices A, B, C, D and two long end-to-end
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loops, loops AB and CD, which are connected by a short

b-sheet packed against helices B and D. Human IL-4 has

six cysteine residues which form three disulfide bonds

(C3-C127, C24-C65, C46-C99). The overall structure is

highly compact and globular with a predominantly

hydrophobic core. Smith et al. [20] have thoroughly

compared the four independently determined structures of

human recombinant IL-4 and they found the core of the

four helix bundle to be very similar in all the structures,

except for differences in loop regions that are known to be

mobile in solution [21]. At low pH (e.g. at pH < 2.4), it

was found experimentally that IL-4 undergoes a partial

unfolding transition [22]. Comparison of the nuclear

magnetic resonance (NMR) spectra of IL-4 at pH 5.6 and

pH 2.4 shows that the pattern of chemical shifts and

nuclear Overhauser effect (NOE’s) is little changed for the

majority of the residues. Therefore, at low pH IL-4

appears to retain a highly ordered hydrophobic core in

which most, but not all, secondary structure is preserved.

However, extensive disorder exists in the loop regions of

the polypeptide chain that link these secondary structural

elements; at pH 2.4 these mobile loop regions represent

more than one third of the protein residues. This low pH

form has been described as a highly-ordered molten

globule [22].

Despite extensive experimental studies, detailed insight

into the low pH molten globule state of IL-4 is still

lacking. For example, the diversity of conformations in the

disordered loops and the rearrangement of secondary

structure between pH 5.6 and 2.4 have not been well

characterised.

Previously, MD simulation has been used to study the

properties of the molten globule state of various proteins,

including hen egg white lysozyme [23], bovine pancreatic

trypsin inhibitor [24], a-lactalbumin [25,26]. MD

simulation was used in the present study to investigate

in atomic detail the structural and dynamic properties of

IL-4 at low pH. Various properties obtained from

simulation trajectories at low pH will be compared with

those at pH 6 and with the corresponding experimental

NMR data.

In practice, counterions are usually not included in

protein simulations, mainly because they diffuse slowly in

the simulation and their initial positioning might have

significant effects on the simulation trajectory [27]. The

underlying thought is that features, e.g. the counterion

positional distribution, that will not converge within

accessible simulation time are better omitted or, in other

words, included in a mean-field manner in the simulation.

Secondly, in explicit water simulations the water

molecules of the first few coordination layers very

effectively shield the ions, as can be observed from radial

distribution functions. Thus for proteins with a relatively

low overall charge with respect to their size or number of

residues, omission of counterions is a reasonable first-

order approximation of co-solvent effects. In the literature,

contradictory results are reported regarding the effects of

counterions on the stability of a protein fold in simulations

[28–31]. Ibragimova and Wade [28] found that explicit

modelling of 0.2 M ionic strength is necessary to maintain

the stable structure for the YAP-WW domain. Martı́-

Renom et al. [29] found that inclusion of counterions

contributes to preserve the native structure in the

simulation of the activation domain of procarboxypepti-

dase B. However, Drabik et al. [31] found that simulations

of solvated proteins are only moderately sensitive to the

presence of counterions. This sensitivity was reported to

be highly dependent on the starting structures and the

different equilibration procedures used.

For IL-4, the different pH values, mimicked by setting

proper protonated states of the ionizable residues, lead to

highly charged proteins, þ11 e at pH 6 and þ27 e at pH 2,

while the 129-residue protein is relatively small. There-

fore, apart from pH effects, we also investigate the effect

of the counterions on the stability of this protein in the

simulations.

The quality of a biomolecular simulation will depend on

the force field used. Current widely used biomolecular

force fields are AMBER [32–34], CHARMM [35–37],

OPLS-AA [38,39] and GROMOS [40–42]. Not long ago,

it was shown that all of these force fields severely

underestimate the free energy of hydration for series of

small molecules that represent the amino acid side chains

[43–45]. For this reason a parametrisation of the

GROMOS force field was carried out which led to the

53A6 parameter set [46]. Here we use both sets, the 45A3

[42] and the 53A6 one, in order to see how the new set

derived from free energies of hydration and solvation will

perform for IL-4.

2. Methods

2.1 Molecular dynamics simulations

MD simulations were performed with the GROMOS

software package [41,47] using the force-field parameter

sets 45A3 [42] and 53A6 [46]. The 13 MD simulations are

summarised in table 1. Initial coordinates were taken from

the X-ray structure of IL-4 (Protein data bank entry: 1RCB)

[16]. The different pH values were mimicked by different

protonation states of protonisable residues [25]: Asp, Glu

and C-terminus are not protonated at pH 6 while protonated

at pH 2; His is protonated at both pH’s except for His76

which at pH 6 is only protonated at Ne. The simple-point-

charge (SPC) water model [48] was used to describe the

solvent molecules. In the simulations, water molecules were

added around the protein within a truncated octahedron with

a minimum distance of 1.4 nm between the protein atoms

and the square walls of the periodic box. In some of the

simulations, ions (Cl2 and Naþ) were included. Cl2 ions

were introduced by replacing the water molecules with the

highest electrostatic potential and Naþ by replacing the

water molecules with the lowest electrostatic potential. The

electrostatic potential at the oxygen atoms of the water

molecules was calculated by taking into account all the

atoms within the spherical shell of water with a cutoff

M. Winger et al.1144
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1.4 nm. The minimal distance between the protein atoms and

the ions was set to be 0.35 nm. All the bonds were

constrained with a geometric tolerance of 1024 using the

SHAKE algorithm [49]. A steepest-descent energy mini-

misation of the systems was performed to relax the solute–

solvent contacts, while positionally restraining the solute

atoms using a harmonic interaction with a force constant of

2.5 £ 104 kJ mol 21 nm22. Next, steepest-descent energy

minimisation of the system without any restraints was

performed to eliminate any residual strain. The energy

minimisations were terminated when the energy change per

step became smaller than 0.1 kJ mol21. For the non-bonded

interactions, a triple-range method with cutoff radii of

0.8/1.4 nm was used. Short-range van der Waals and

electrostatic interactions were evaluated every time step

based on a charge-group pairlist. Medium-range van der

Waals and electrostatic interactions, between pairs at a

distance longer than 0.8 nm and shorter than 1.4 nm, were

evaluated every fifth time step, at which time point the pair

list was updated. Outside the longer cutoff radius a reaction-

field approximation [50] was used with a relative dielectric

permittivity of 66 [51]. The initial velocities of the atoms

were assigned from a Maxwell distribution at 50 K. Five

picoseconds periods of MD simulation with harmonic

position restraining of the solute atoms with force constants

of 2.5 £ 104 kJ mol21 nm22, 2.0 £ 1024 kJ mol21 nm22,

1.5 £ 1024 kJ mol21 nm22, 1.0 £ 1024 kJ mol21 nm22,

0.5 £ 1024 kJ mol21 nm22 were performed to equilibrate

further the systems at 50, 150, 250, 308 and 308 K,

respectively. During the equilibration, solvent and solute

were independently, weakly coupled to a temperature bath of

the given temperaturewith a relaxation time of 0.1 ps [52]. In

the further simulations, the center of mass motion of the

whole system was removed every 1000 time steps. The

systems were also weakly coupled to a pressure bath of one

atom with a relaxation time of 0.5 ps and an isothermal

compressibility of 0.4575 £ 1023 (kJ mol21 nm23)21. The

trajectory coordinates and energies were saved every 0.5 ps

for analysis.

For a highly charged protein, the use of an appropriate

method to treat long-range electrostatic interactions, such

as lattice-sum or reaction-field methods, is mandatory.

Both, lattice-sum methods (Ewald, P3M, etc.) and

reaction-field methods (dipolar, time-dependent, etc.) to

treat long-range electrostatic interactions cause artefacts

in molecular simulations, the former because of their

artificial enhancement of periodic order and the latter

because of their mean-field character. Since, we judge the

former artefacts to be more severe than the latter [53–59]

we applied the reaction-field methodology in the present

study.

2.2 Structural refinement with nuclear Overhauser
effect restraints

In two simulations (carrying “REF” in their name in

table 1) a short period of 100 ps of structural refinement

with explicit solvent MD simulation was performed using

instantaneous NOE upper-bound distance restraining [60]

in order to be sure that these restraints are fulfilled at the

start of these simulations. In this case, in addition to the

physical potential energy a restraining potential-energy

term

VdrðrijÞ ¼

1
2
Kdrðrij 2 r0

ijÞ
2 if rij . r0

ij

0 if rij # r0
ij

ð1Þ

is used, where Kdr is the force constant for the distance

restraining, rij is the instaneous distance between atoms

i and j, and r0
ij is the reference distance, i.e. the NOE

upper-bound distance. The force constant Kdr was chosen

to be 2000 kJ mol21 nm22. In the GROMOS force-field

parameter sets 45A3 [42] and 53A6 [46], aliphatic

hydrogen atoms are not explicitly treated but are part of

united atoms. We thus calculate interproton distances

involving the aliphatic hydrogen atoms by calculating

virtual (for CH1 and prochiral CH2) [61] and pseudo (for

CH3) [62] atomic positions for these hydrogen atoms [41].

When comparing the experimentally derived distances

with the calculated proton–proton distances, pseudo-atom

corrections involving equivalent or nonstereospecifically

Table 1. Overview of the simulations performed.

Simulation label Force-field parameter set pH Number of counterions Protein total charge [e] Simulation length [ns]

pH6_45A3 45A3 6 – þ 11 4
pH6_53A6 53A6 6 – þ 11 4
pH6_45A3_REF 45A3 6 – þ 11 4
pH6_45A3_6Cl 45A3 6 6 Cl2 þ 5 7
pH6_45A3_11Cl 45A3 6 11 Cl2 0 4
pH6_45A3_20Cl_9Na 45A3 6 20 Cl2 9 Naþ 0 7
pH6_45A3_30Cl_19Na 45A3 6 30 Cl2 19 Naþ 0 4
pH2_45A3 45A3 2 – þ 27 4
pH2_53A6 53A6 2 – þ 27 4
pH2_45A3_REF 45A3 2 – þ 27 4
pH2_45A3_16Cl 45A3 2 16 Cl2 þ 11 3
pH2_45A3_21Cl 45A3 2 21 Cl2 þ 6 3
pH2_45A3_27Cl 45A3 2 27 Cl2 0 4

Two GROMOS [41,47] force-field parameter sets, 45A3 [42] and 53A6 [46] were used in the simulations. The pH-values indicate different charge states for the ionizable
(side-chain) moieties. In simulations pH6_45A3_REF and pH2_45A3_REF initially 100 ps of MD simulation was performed with proton–proton NOE upper-bound distance
restraining, as in NMR structure refinement.

MD study of IL-4 1145
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assigned protons should be included in the NOE-derived

upper-bound distances. The same corrections as used in

the structure determination of IL-4 [14,22,62] are used in

our study.

2.3 Analysis

Analyses of the trajectory configurations were done with

the analysis software GROMOSþþ [63] and esra [64].

Atom-positional root-mean-square differences between

structures were calculated by performing a rotational and

translational atom-positional least-squares fit of one

structure on the second (reference) structure using a

given set of atoms. Atom-positional root-mean-square

fluctuations (RMSFs) over a period of simulation were

calculated by performing a rotational and translational

atom-positional least-squares fit of the trajectories on the

reference structure (usually the first structure of the

period) using a given set of atoms. The secondary structure

assignment was done using the program DSSP, based on

the Kabsch–Sander rules [65].

Comparisons to NMR experimental data were made

through an analysis of proton–proton distances as

compared to NOE upper bounds, of 3J(HN, HCa)

coupling constants and of 1HZ15N order parameters. For

pH 5.6 [14], 1656 NOE upper bounds were available and

for pH 2.4, 1450 NOE upper bounds [22]. Proton–proton

distances were averaged using 1/r 3 averaging, using

�r ¼ ðkr23lÞ21=3, corresponding to a slowly tumbling

molecule [66]. 3J-coupling constants were calculated

from the simulations using the Karplus relation [67],

3JðH;HÞ ¼ a cos2 uþ b cos uþ c ð2Þ

The parameters a, b, c used were: a ¼ 6.51 Hz,

b ¼ 21.76 Hz and c ¼ 1.60 Hz [68] for calculating
3J(HN, HCa) values.

According to their definition, generalised order

parameters S 2 may be directly calculated from a

simulation using the long-time tail of the second-order

Legendre function of the reorientation correlation function

of the NZH vector (~v):

S2 ¼ lim
t!1

C2ðtÞ ð3Þ

where

C2ðtÞ ¼ P2ð~vðtÞ · ~vðtþ tÞÞh it ð4Þ

Here P2 is the second-order Legendre polynomial,

P2ðxÞ ¼ 1=2ð3x2 2 1Þ. The angular brackets (,.)

represent the average over the ensemble (trajectory). The

unit vectors ~vðtÞ and ~vðtþ tÞ describe the orientation of

the NZH vector at times t and t þ t in relation to a fixed

reference frame. To construct this frame, the translational

and overall rotational motions were removed by a root-

mean-square fitting of all backbone atoms onto the starting

conformation. In practice, expressions (3) and (4) are not

very suitable to obtain accurate results, since the long-time

tail of a correlation function is generally plagued by poor

statistics. Therefore, the alternative formula [69,70]

S2 ¼
1

2
3
X3

a¼1

X3

b¼1

, vaðtÞvbðtÞ.
2
t 2 1

" #
ð5Þ

is used, which involves trajectory averages of the elements

vavb of the Cartesian tensor built as a direct product of the

Cartesian components of the unit vector ~vðtÞ, and yields,

therefore, more precise results. The average of S 2 is either

taken over all configurations at 0.5 ps intervals of the

whole simulation [71–73].

Diffusion constants have been calculated via the

Einstein-formula

D ¼ lim
t!1

kðrðt þ tÞ2 rðtÞÞ2lt
6t

ð6Þ

3. Results and discussion

3.1 IL-4 at pH 6

The atom-positional root-mean-square deviations

(RMSDs) from the starting coordinates for the atoms (N,

Ca, C) in the simulations pH6_45A3, pH6_53A6 and

pH6_45A3_REF are shown in figure 1. The RMSD values

for all three simulations reach a plateau value of 0.2 nm

after 0.5–1 ns and fluctuate around that value afterwards.

The atom-positional RMSFs for the Ca atoms were

calculated for the whole 4 ns of the trajectories (figure 2).

These three simulations show larger fluctuations in loop

regions (i.e. loops AB and CD) while smaller fluctuations

in the helical parts. Generally, the simulations using force-

field parameter sets 45A3 [42] and 53A6 [46] show

comparable behaviour although the 53A6 parameter set

seems to favour 310-helical structure slightly more and

a-helical structure slightly less than the 45A3 set. The

secondary structure assignment shows that the helical

0 1 2 3 4 5 6 7
time [ns]

0
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pH6_45A3_6Cl
pH6_45A3_11Cl
pH6_45A3_11Cl helix residues
pH6_45A3_20Cl_9Na
pH6_45A3_30Cl_9Na

Figure 1. Atom-positional RMSDs of the backbone atoms (N, Ca, C) of
IL-4 with respect to the starting (X-ray) structure in the simulations
pH6_45A3 (black), pH6_53A6 (red) and pH6_45A3_REF (green),
pH6_45A3_6Cl (blue), pH6_45A3_11Cl (brown), pH6_45A3_11Cl
helix residues (brown dotted), pH6_45A3_20Cl_9Na (purple) and
pH6_45A3_30Cl_19Na (orange) (colour in online version).
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structural elements are very stable in these three

simulations. Some rearrangement in the loops was

observed. In figure 3 the final conformations from these

three simulations are shown. The overall secondary

structure is well preserved in the three simulations with

the different force-field parameter sets.

A summary of the NOE analysis can be found in table 2,

while NOE distance distributions are displayed in figure S1

of the supplementary material. A total of 1656 NOE upper

bounds were used in the analysis for pH 6 [14]. The three

simulations without counterions satisfy more than 98% of

the experimental upper bounds within 0.1 nm. Applying

NOE restraints for the first 0.1 ns (pH6_45A3_REF) only

slightly reduces the number of violations and the average

violation. The simulation pH6_45A3 shows somewhat

lower violations compared to the simulation pH6_53A6.

One of the two observed larger NOE violations (larger than

0.3 nm averaged over 1.0– 4.0 ns) using the 53A6

parameter set occurs in loop AB (35AlaHa–38AsnHN)

and the other is related to 63Thr in the loop between helix B

and C. Figure 3 shows the experimentally derived crystal

structure (PDB entry: 1RCB [16]) and solution structure

(PDB entry: 1ITM [14]). There exists a large difference for

the BC and CD loops between the crystal structure and the

solution structure. The simulations, which started from the

crystal structure, may not have allowed these loops to

explore all their conformational possibilities such that the

observed NOE bounds are satisfied.

Three-bond 3J(HN, HCa) coupling constants have been

calculated from the simulation ensembles and were

compared against experimental values (table 3 and figure

S2 of the supplementary material). 3J coupling constants

were reported for 114 residues of which 46 were upper

bounds [14]. The two parameter sets 45A3 and 53A6 give

comparable results. Applying NOE upper-bound distance

restraining for the first 0.1 ns does not improve the

agreement. Generally 3J(HN, HCa) coupling constants are

less well reproduced than other NMR properties [74],

which might have different reasons: (i) the time scale

needed to achieve converged sampling for 3J-values from

MD simulations may be much beyond a few nanoseconds,

(ii) the intrinsic problem of the accuracy of the empirically

calibrated Karplus relation and (iii) the difficulty of

obtaining reliable f-torsional angle potential-energy

terms for amino-acid residues.

Backbone NZH order parameters calculated from the

MD simulations averaged over 0.0–4.0 ns are compared

with experimental data [21] in figure 4. All three

simulations without counterions show similar amplitudes

and profiles with respect to NZH mobility and reproduce

the experimental variations. On average, the experimental

order parameters are slightly larger than those obtained

from the simulations.

In short we can conclude that MD simulations at pH 6

with two force-field parameter sets both reproduced

various experimentally derived properties well, except for

the 3J(HN, HCa) values for which about one third showed

violations of more than 1 Hz.

3.2 IL-4 at pH 2

The atom-positional RMSDs from the initial X-ray

structure for the backbone atoms (N, Ca, C) in the

simulations pH2_45A3, pH2_53A6 and pH2_45A3_REF

are shown in figure 5. The RMSD values increase to

around 1.5 nm, a value much larger than those in the

simulations at pH 6. This means that the starting structure

is far from the equilibrium ensemble sampled by MD at

low pH. Since the starting structure was the X-ray crystal

structure which was determined at pH 6.0, we applied

Figure 2. Secondary structure elements (left panels) and atom-positional RMSFs of the Ca atoms (right panels) of IL-4 over the simulations pH6_45A3
(upper panels), pH6_53A6 (middle panels) and pH6_45A3_REF (lower panels). a-helix (red), 310-helix (black) and b-strand (green) (colour in online
version).
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distance restraining with NOE bounds derived from the

NOE intensities determined at pH 2 [22] for the first 0.1 ns

(simulation pH2_45A3_REF). This did not keep the

structure stable, similar unfolding behaviour was

observed. The atom-positional RMSF for the Ca atoms

were calculated for the entire simulation periods (figure

6). In all three simulations without counterions much

larger fluctuations were observed compared to those of the

simulations at pH 6. A large amount of the secondary

structure was lost in all three simulations, which is in

contrast to what has been found experimentally.

Not surprisingly, large NOE violations were observed in

all three simulations without counterions (table 2) due to

the unfolding of the compact structure. Both the 3J-

coupling constants and the NZH order parameters were

not well reproduced in the simulations.

3.3 Effects of counterions at pH 6

In the present study, the protonation states of the

protonisable residues are assigned according to the pKa

of the side chain without taking into account the protein

environment and the possible variation of the local pH

value. With this simple method, the total charges of IL-4 at

pH 6 and 2 are þ11 e and þ27 e, respectively. The high

net charges, especially at pH 2 may have a large effect on

the stability of the protein. Addition of neutralizing

counterions or additionally increasing the ionic strength of

the solution may reduce a dominating influence of the

protein charge on its behaviour.

In figure 1 backbone (N, Ca, C) RMSDs with respect to the

starting structure are shown for the simulations

pH6_45A3_6Cl, pH6_45A3_11Cl, pH6_45A3_ 20Cl_9Na

and pH6_45A3_30Cl_19Na. Significant deviation from the

starting structure is only observed for the simulation

pH6_45A3_11Cl, the others show values around 0.25 nm, as

in the simulations without counterions. The deviation for

pH6_45A3_11Cl arises from structural changes between the

helices (figure 1).

As seen in figure 7 the secondary structure features of

the simulation pH6_45A3_11Cl remain intact, the Ca-

atom positional RMSF in the helix regions still being

Table 2. Number of NOE upper distance bound violations and average violations in the simulations for given time periods. At pH 6 a total number of
1656 NOE’s and at pH 2 a total of 1450 NOE’s were considered.

Number of NOE upper bound violations

Simulation label Averaging time period (ns) $ 0.1 (nm) $ 0.2 (nm) $ 0.3 (nm) Average violations (nm)

pH6_45A3 1–4 19 1 1 0.004
pH6_53A6 1–4 30 3 2 0.006
pH6_45A3_REF 1–4 16 3 0 0.003
pH6_45A3_6Cl 1–7 23 3 1 0.004
pH6_45A3_11Cl 1–4 23 7 2 0.004
pH6_45A3_20Cl_9Na 1–7 36 12 9 0.007
pH6_45A3_30Cl_19Na 1–4 20 3 1 0.004
pH2_45A3 1–4 183 141 115 0.114
pH2_53A6 1–4 464 357 297 0.227
pH2_45A3_REF 1–4 131 45 7 0.019
pH2_45A3_16Cl 1–3 82 43 22 0.047
pH2_45A3_21Cl 1–3 84 58 55 0.038
pH2_45A3_27Cl 1–4 45 28 17 0.011

Figure 3. The X-ray structure (a) and NMR solution structure (b) of IL-
4 are shown with the four helices A–D indicated. Structures of IL-4 at pH
6 at the end of simulations pH6_45A3 (c), pH6_53A6 (d),
pH6_45A3_REF (e), pH6_45A3_6Cl (f), pH6_45A3_11Cl (g) and
pH6_45A3_20Cl_9Na (h).
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higher than in the other three simulations at pH 6 with

counterions (figure 7). Figure 3 shows the reference

structure and the structure at the end of simulation

pH6_45A3_11Cl. The elevated RMSD and RMSF values

seem to arise from a kink in helix C.

In table 2 the NOE upper distance bound violations for

the simulations with ions are shown. The average

violations are similar to those in the simulations without

ions at pH 6, even though there are more distance

violations than in the simulation pH6_45A3.

In table 3 the average 3J-coupling constant violations are

shown. The simulations with counterions show a similar

number of violations as the simulations without ions, except

at high ionic strength, simulation pH6_45A3_30Cl_19Na.

The backbone NZH order parameters (figure 4) show

similar profiles with respect to NZH mobility in all

simulations.

Diffusion constants for chloride and sodium ions have

been calculated (table S1, supplementary material). For

Table 3. Number of 3JHNa-coupling constants for which the absolute difference between the experimentally determined 3JHNa-coupling constants and
the calculated 3JHNa-coupling constants averaged over the MD trajectories is larger than a given value. Only 68 3J-coupling constants with exact

experimental values have been considered.

Number of J-values with jJexp-Jsimj

Simulation label Averaging period [ns] $ 1Hz $ 2Hz $ 3Hz $ 4Hz

pH6_45A3 1–4 27 12 3 0
pH6_53A6 1–4 26 11 6 1
pH6_45A3_REF 1–4 22 7 3 1
pH6_45A3_6Cl 1–4 25 12 6 1
pH6_45A3_11Cl 1–4 21 7 1 1
pH6_45A3_20Cl_9Na 1–7 24 10 2 1
pH6_45A3_30Cl_19Na 1–4 22 6 2 1

Figure 4. Backbone NZH order parameter S 2 as a function of the residue sequence number. The averages were calculated over the entire simulation
time. Black line: experimental values [21]; Red line: simulation pH6_45A3; Green line: simulation pH6_53A6; Blue line: simulation pH6_45A3_REF.
Brown line: simulation pH6_45A3_6Cl. Orange line: simulation pH6_45A3_11Cl. Turquoise line: simulation pH6_45A3_20Cl_9Na. Purple line:
simulation pH6_45A3_30Cl_19Na. The four helices are indicated by horizontal black bars (colour in online version).
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Figure 5. Atom-positional RMSDs of the backbone atoms (N, Ca, C) of
IL-4 with respect to initial (X-ray) structure in the simulations pH2_45A3
(black), pH2_53A6 (red) and pH2_45A3_REF (green), pH2_45A3_16Cl
(blue), pH2_45A3_21Cl (brown) and pH2_45A3_27Cl (orange) (colour
in online version).
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chloride the values are of the same order of magnitude as

the experimentally determined diffusion constants of the

ions at 298 K in water (DCl
2 ¼ 2.03 £ 1025 cm2/s [75],

DNa
þ ¼ 1.33 £ 1025 cm2/s [76]). The sodium ions diffuse

too fast (2.4–4.1 £ 1025 cm2/s) in the simulations.

3.4 Effects of counterions at pH 2

The N, Ca, C atom-positional RMSDs for the simulations

pH2_45A3_16Cl, pH2_45A3_21Cl and pH2_45A3_27Cl

with respect to the starting structure are shown in figure

5. The RMSD values are significantly smaller than

the values obtained from simulation without ions at the

same pH. The simulations pH2_45A3_16Cl and

pH2_45A3_21Cl converge to an RMSD-value of 1 nm,

the simulation pH2_45A3_27Cl to a value somewhat

lower (0.7 nm). The protein’s secondary structure features

(figure 8) stay intact during the simulation period except

for partial unfolding of the A helix in simulations

pH2_45A3_16Cl and pH2_45A3_21Cl and of the D helix

in simulations pH2_45A3_16Cl and pH2_45A3_27Cl. As

expected the atom-positional RMS fluctuations are

Figure 6. Secondary structure elements (left panels) and atom-positional RMSFs of the Ca atoms (right panels) of IL-4 in the simulations pH2_45A3
(upper panels), pH2_53A6 (middle panels) and pH2_45A3_REF (lower panels). a-helix (red), 310-helix (black) and b-strand (green).

Figure 7. Secondary structure elements (left panels) and atom-positional RMSFs of the Ca atoms (right panels) of IL-4 in the simulations
pH6_45A3_6Cl, pH6_45A3_11Cl, pH6_45A3_20Cl_9Na and pH6_45A3_30Cl_19Na. a-helix (red), 310-helix (black) and b-strand (green) (colour in
online version).
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Figure 8. Secondary structure elements (left panels) and atom-positional RMSFs of the Ca atoms (right panels) of IL-4 in the simulations
pH2_45A3_6Cl (upper panels), pH2_45A3_21Cl (middle panels) and pH2_45A3_27Cl (lower panels). a-helix (red), 310-helix (black) and b-strand
(green) (colour in online version).

Figure 9. Structures of IL-4 at pH 2 at the end of simulations pH2_45A3 (a), pH2_53A6 (b), pH2_45A3_REF (c), pH2_45A3_16Cl (d),
pH2_45A3_21Cl (e) and pH2_45A3_27Cl (f).
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smaller than in the simulations without counterions

(figure 9).

The NOE violations are summarised in table 2. A total

number of 1450 experimental upper bounds has been used.

Compared to the simulations without counterions there are

significantly fewer violations and the average violations

are smaller for the ionic simulations. Yet, at pH 2 the

average violations and the number of violations are much

larger than at pH 6. The NZH order parameters also show

sizeable deviations from experiment (results not shown).

4. Discussion

This work presents the results of molecular dynamics

simulations of IL-4 using the GROMOS force-field

parameter sets 45A3 and 53A6. Comparison of simulated

and measured NMR data (NOE’s, 3J(HN, HCa)-values,

NZH S 2-values) has been done to evaluate the

performance of the more recent force-field parameter set

53A6.

Generally, at pH 6 the parameter sets 45A3 and 53A6

yield similar results, although the former seems to

reproduce experimental values slightly better. Use of NOE

restraints during the first 0.1 ns of simulation does not

significantly improve agreement with experiment.

Counterions were added to the simulated system in

order to monitor the protein stability as a function of

ionic strength at two different pH values. At pH 6 the

protein stability seems to be neither increased nor

decreased significantly by the introduction of counter-

ions. Atom-positional deviations from the starting X-ray

structure converge to similar values, except in the case

where helix C becomes kinked after the introduction of

11 chloride ions (pH6_45A3_11Cl). Atom-postional

fluctuations are also similar with and without counter-

ions, secondary structure elements are stable in both

cases. The behaviour of simulation pH6_45A3_11Cl

gives an indication that the initial placement of

counterions followed by an extensive MD equilibration

phase with the solute restrained is crucial. Otherwise,

the high charge of an ion being initially positioned

close to a charged protein atom may seriously alter the

protein structure already at the beginning of the

simulation.

At low pH, however, the stability of IL-4 is dramatically

increased by the introduction of counterions as is reflected

in the atom-positional deviations from the starting

structure and the secondary structure evolution. The

presence of counteracting charges in the solution around

the protein’s net charge seems to infer stability by

reducing the effective repulsive interactions between

charges in the protein. In the present study no clear

correlation between protein stability and ionic strength

could be observed. At pH 6 the agreement between

simulation and experiment degrades somewhat upon

increasing the ionic strength of the solution, whereas at pH

2 the opposite effect is observed.

Finally we conclude that ions have a positive influence

on a highly charged protein’s stability in simulation if the

initial placement of the ions is chosen well and their

distribution is equilibrated with MD with the solute

restrained for a sufficiently long time.
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[42] L.D. Schuler, X. Daura, W.F. van Gunsteren. An improved
GROMOS96 force field for aliphatic hydrocarbons in the condensed
phase. J. Comput. Chem., 22, 1205 (2001).

[43] A. Villa, A.E. Mark. Calculation of the free energy of solvation for
neutral analogs of amino acid side chains. J. Comput. Chem., 23,
548 (2002).

[44] J.L. MacCallum, D.P. Tieleman. Calculation of the water-
cyclohexane transfer free energies of neutral amino acid side-
chain analogs using the OPLS all-atom force field. J. Comput.
Chem., 24, 1930 (2003).

[45] M.R. Shirts, J.W. Pitera, W.C. Swope, V.S. Pande. Extremely
precise free energy calculations of amino acid side chain analogs:
comparison of common molecular mechanics force fields for
proteins. J. Chem. Phys., 119, 5740 (2003).

[46] C. Oostenbrink, A. Villa, A.E. Mark, W.F. van Gunsteren. A
biomolecular force field based on the free enthalpy of hydration and
solvation: the GROMOS force-field parameter sets 53A5 and 53A6.
J. Comput. Chem., 25, 1656 (2004).

[47] W.R.P. Scott, P.H. Hünenberger, I.G. Tironi, A.E. Mark, S.R.
Billeter, J. Fennen, A.E. Torda, T. Huber, P. Krüger, W.F. van
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