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Abstract Various experimental studies of hen egg white

lysozyme (HEWL) in water and TFE/water clearly indicate

structural differences between the native state and TFE

state of HEWL, e.g. the helical content of the protein in the

TFE state is much higher than in the native state. However,

the available detailed NMR studies were not sufficient to

determine fully a structure of HEWL in the TFE state.

Different molecular dynamics (MD) simulations, i.e. at room

temperature, at increased temperature and using proton–

proton distance restraints derived from NMR NOE data,

have been used to generate configurational ensembles

corresponding to the TFE state of HEWL. The configura-

tional ensemble obtained at room temperature using atom-

atom distance restraints measured for HEWL in TFE/water

solution satisfies the experimental data and has the lowest

protein energy. In this ensemble residues 50–58, which are

part of the b-sheet in native HEWL, adopt fluctuating

a-helical secondary structure.
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Introduction

2,2,2-Trifluoroethanol (TFE) and related co-solvents have

been widely used in the study of protein structure, folding

and misfolding (Buck 1998). TFE is particularly recogni-

sed for its ability to stabilise a-helical secondary structure

(Nelson and Kallenbach 1986; Jasanoff and Fersht 1994;

Shiraki et al. 1995; Cammers Goodwin et al. 1996).

However, its action depends on the peptide or protein

sequence, the concentration of TFE and on the solution

conditions used. Under certain conditions, TFE has also

been seen to stabilise b-hairpins, turns and hydrophobic

clusters, to accelerate protein folding, to facilitate the

incorporation of peptides in membranes and to promote the

formation of amyloid fibril aggregates (Buck 1998; Blanco

et al. 1994; Smith et al. 1994; Lu et al. 1997; Chiti et al.

2000; Fezoui and Teplow 2002). Industrially, TFE is

employed as solvent in catalysis (Bégué et al. 2004;

Shuklov et al. 2007).

TFE is thought to enhance intra-solute hydrogen bonding

particularly in secondary structure regions, whilst weaken-

ing long-range tertiary structure of the protein (Buck 1998;

Cammers Goodwin et al. 1996; Rajan and Balaram 1996).

Solution X-ray scattering studies suggest that an important

factor is the clustering of the alcohol molecules in TFE

aqueous solution (Hong et al. 1999). NMR data, supported

by MD simulations of peptides in explicit TFE/water solu-

tions, show that this clustering results in an accumulation of

TFE molecules around the peptide surface (Fioroni et al.

2002; Roccatano et al. 2002; Diaz et al. 2002; Mehrnejad

et al. 2007). By coating the peptide surface they partially

exclude water molecules (Starzyk et al. 2005). It is sug-

gested that this provides a local hydrophobic environment

that promotes intrapeptide hydrogen bonding and main-

tains local hydrophobic interactions. For proteins an
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additional significant effect appears to be the penetration of

TFE molecules into the protein interior (Kumar et al. 2003).

Hen egg white lysozyme (HEWL) is one of the proteins

whose conformation has been studied extensively in TFE

solutions (Buck et al. 1993, 1995, 1996; Yang et al. 1995;

Hoshino et al. 1997; Povey et al. 2007). Low concentra-

tions of added TFE co-solvent (\10 % (v/v)) stabilise

the native structure of the protein (Buck et al. 1993;

Table 1 Overview the six MD simulations

Simulation name pH Solvent numbers and type Initial configuration T (K) NOE distance restraints Length (ns)

MD_pH7_H2O 7 140355 H2O X-ray_EMb 310 – 20

8 Cl-

MD_pH2_H2O 2 190518 H2O X-ray_EM 310 – 20

19 Cl-

MD_pH2_TFE 2 50411 H2O X-ray_EM 310 – 20

19 Cl-

30138 TFEa

MD_pH2_TFE_HT 2 50411 H2O MD_pH2_TFEc 310/400/310d – 11.4/6/2.6d

30138 TFE

19 Cl-

MD_pH2_TFE_DR 2 50411 H2O MD_pH2_TFE 310 NOE_TFEe 20

30138 TFE

19 Cl-

MD_pH2_TFE_HT_DR 2 50411 H2O MD_pH2_TFE_HT_400f 400/310g NOE_TFE 2/18g

30138 TFE

19 Cl-

a 70 % TFE/30 %H2O (v/v)
b Energy-minimised X-ray structure 1AKI (Artymiuk et al. 1982)
c Final configuration of simulation ‘‘MD_pH2_TFE’’
d T is increased from 310 to 400 K over 11.4 ns, then decreased to 310 K over the next 6.0 ns and then kept at 310 K for 2.6 ns
e See Table 2
f Configuration after 11.4 ns of simulation MD_pH2_TFE_HT
g T is decreased from 400 to 310 K over 2 ns and then kept at 310 K for 18 ns

Fig. 1 The different, sequential

HEWL simulations. All initial

coordinates have been generated

from one of the two PDB files

with PDB entry code 1AKI

(Artymiuk et al. 1982) or 1E8L

(Schwalbe et al. 2001) (black
ellipses). For each simulated

system (rectangles) the type of

solvent and pH/protonation

state/temperature/application of

NOE distance restraints is

indicated. Diamonds indicate

the length of the simulation as

well as the simulation

temperature: blue 310 K; blue
!red temperature increase

from 310 to 400 K; red !blue
cooling from 400 to 310 K.

Consecutive simulations can be

identified following the flow

chart. See also Table 1 for more

details
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Povey et al. 2007). However, further addition of TFE

induces a cooperative transition to an intermediate state,

referred to as the TFE state. The TFE state of HEWL

contains substantial helical secondary in the absence of

extensive persistent tertiary structure (Buck et al. 1993,

1995; Povey et al. 2007; D’Amico et al. 2011). Studies by

SAXS show that the protein has an increased radius of

gyration relative to the native state, although it is still

relatively compact (Hoshino et al. 1997). A particularly

interesting feature is that the helical content of the protein

in the TFE state is higher than that in the native state (Buck

et al. 1993; Yang et al. 1995). The native state structure of

HEWL consists of an a-domain which contains four main

a-helices (A-D) and a C-terminal 310-helix and a b-domain

which contains a triple-stranded antiparallel b-sheet and

a long loop. Detailed NMR studies show that in 70 % TFE/

30 % water the regions corresponding to native helices in

HEWL retain persistent helical conformation and increase

in length, being extended at their termini. In addition, the

C-terminal region of the b-sheet undergoes a conforma-

tional transition and adopts a more flexible helical structure

for residues 50–58 (Buck et al. 1995; Yang et al. 1995).

Despite detailed study, the NMR data available for the

TFE state of HEWL are not sufficient on their own to

define a structure for this state. In any case the data suggest

that the TFE state will consist of an ensemble of inter-

converting partially folded conformers rather than a single

well-defined structure (Buck et al. 1995, 1996). In this

work we have therefore used an MD simulation approach

to attempt to generate an ensemble of structures to describe

the TFE state of HEWL. A set of MD simulations of

HEWL in an explicit solvent of 70 % TFE/30 % water

molecules have been run, including simulations at elevated

temperature and simulations with experimentally derived

NOE distance restraints (Buck et al. 1995; Buck 1994).

Taken together these simulation trajectories provide a

description of this conformationally diverse, partially fol-

ded TFE state. It is not the purpose of the present study to

come up with a general mechanism for TFE induced pro-

tein conformational changes, which would require the

simulation of a variety of proteins in a series of TFE/

water mixtures of varying composition, a too expensive

endeavour.

Materials and methods

Simulation software and force-field parameters

All molecular dynamics (MD) simulations and the analysis

of the simulation trajectories described in this work were

performed using the GROMOS software package for

(bio)molecular simulations (Schmid et al. 2011, 2012;

http://www.gromos.net) in combination with the GRO-

MOS 53A6 force field (Oostenbrink et al. 2004). Water

was modelled using the simple-point-charge (SPC) model

(Berendsen et al. 1981) and TFE using the model of Fiorini

et al. (Fioroni et al. 2000). Six configurational ensembles

of the protein were generated by MD simulations under

different conditions, see Table 1 and Fig. 1. The set of 50

NMR model structures that had been derived from NMR

data of HEWL in aqueous solution (Schwalbe et al. 2001)

and are available in the PDB with entry code 1E8L were

reformatted into GROMOS format and will be indicated as

NMR_pH7_H2O.

Simulation protocol

Initial coordinates of the the six different lysozyme simu-

lations (see Fig. 1; Table 1) were generated from the X-ray

structure deposited at the Protein Data Bank (PDB) with

PDB entry code 1AKI (Artymiuk et al. 1982). Missing

Table 2 Six NMR NOE proton–proton distance bound sets used as distance restraints in some simulations or for analysis of the set of NMR

structures and MD generated configurational ensembles

Name Number of NOE distance

bounds

Description

Total Short Medium Long

NOE_H2O 1,630 999 278 353 NOE distance bounds of native HEWL in water (Schwalbe et al. 2001)

NOE_H2O_NTFE 1,209 622 234 353 a subset of NOE_H2O with NOE distance bounds not present in NOE_TFE

NOE_H2O_NTFE_42-

60

134 85 18 31 a subset of NOE_H2O_NTFE with NOE distance bounds involving at least one of

the atoms within residues 42–60

NOE_TFE 1,388 884 492 12 NOE distance bounds of HEWL in TFE/water (Buck 1994)

NOE_TFE_NH2O 960 501 447 12 a subset of NOE_TFE with NOE distance bounds not present in NOE_H2O

NOE_TFE_NH2O_42-

60

128 78 50 0 a subset of NOE_TFE_NH2O with NOE distance bounds involving at least one of

the atoms within residues 42–60

The first three sets are specified in Table S1 and the second three in Table S2. Pairs (i, j) are separeted into short (i B j B i ? 1), medium

(i ? 2 B j B i ? 4), and long (j C i ? 5) ranged along the residue sequence indicated by i and j
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hydrogen positions were generated based on geometric cri-

teria using the GROMOS?? program gch (Eichenberger

et al. 2011). The protonation states of the amino acid resi-

dues were chosen corresponding to pH 2 or pH 7 (Table 1;

Fig. 1). Histidine 15 was protonated according to its

hydrogen-bonding environment and the pH value of the

environment: at Ne for pH 7 and doubly protonated for pH 2

and all other HEWL structures. The four disulfide bridges

were treated as covalently linked Cys residues. The different

HEWL structures were energy minimised in vacuo and sol-

vated in cubic boxes containing only water (Berendsen et al.

1981) molecules or a mixture of 30 % water/70 % TFE

molecules, such that the minimum distance of a non-

hydrogen protein atom to the box wall was 1.4 nm. This led

to a box-edge length of 8.5 nm. At pH 7 HEWL has a net

charge of ?8 e, while at pH 2 this is ?19 e. To yield an

overall charge neutrality of the periodic boxes, 8 water

molecules were replaced by chloride ions in the simulations

at pH 7 and 19 water molecules at pH 2. The replacement

was done using the GROMOS?? program ion (Eichen-

berger et al. 2011). The solvent was energy minimised with

the positions of the heavy atoms within the protein kept fixed.

Initial velocities for the three simulations starting from the

energy-minimised X-ray structure were assigned from a

Maxwell-Boltzmann distribution at 60 K with position

restraining of the protein atoms with an initial harmonic

force constant of 25,000 kJ mol-1 nm-2. The temperature

was stepwise raised while the force constant of the position

restraining was lowered, ending in a non-restrained protein

simulation at 310 K after 100 ps of simulation time. A 20 ns

MD simulation followed this 100 ps thermalisation proce-

dure. The protein configurations were saved for analysis

every 0.5 ps.

All but the HT simulations were held at constant tem-

perature and pressure (310 K, 1 atm) using the weak cou-

pling algorithm (Berendsen et al. 1984) with corresponding

coupling times of sT = 0.1 ps and sp = 0.5 ps, respec-

tively. The protein and solvent were separately coupled to

the heat bath. An estimated isothermal compressibility

of 4:575�10�4 (kJ mol-1 nm-3)-1 and 2:227�10�4

(kJ mol-1 nm-3)-1 was used for systems with the pure

water solvent and TFE/water mixture, respectively. All

bond lengths and the bond angles of the water molecules

were kept rigid by applying constraints using the SHAKE

algorithm (Ryckaert et al. 1977) with a relative geometric

tolerance of 10-4, allowing for an integration time step of

2 fs when solving the equations of motion using the leap-

frog algorithm (Hockney and Eastwood 1981). Nonbonded

(van der Waals and electrostatic) interactions were handled

adopting triple-range cut-off radii: interactions within the

short-range cutoff of 0.8 nm were calculated every time

step from a pair list that was generated every five steps,

when also interactions between 0.8 and 1.4 nm were

computed. The long-range electrostatic forces were repre-

sented by a reaction field with a relative permittivity

(Heinz et al. 2001) of eRF ¼ 61 outside the long-range

cutoff of 1.4 nm for the pure water solvent simulations.

The simulations in TFE/water used a smaller relative per-

mittivity of eRF ¼ 31: The centre of mass translation and

rotation were removed every 2 ps to avoid a flying ice cube

(Harvey et al. 1998).

The three simulations MD_pH2_TFE_HT, MD_pH2_

TFE_DR and MD_pH2_TFE_HT_DR used the same sim-

ulation parameters as described above but the initial atom

positions and atom velocities were read from the final

configuration of a preceding simulation. The high tem-

perature simulations differ from the description above by a

linear heating and/or cooling between 310 and 400 K. In

the DR simulations distance restraints with a harmonic

force constant of 2,500 kJ mol-1 nm-2 were applied to

atom pairs from a set of NOE distance bounds derived from

experiments. The six different sets of NMR NOE proton–

proton distance bounds are specified in Table 2 and

described below.

Sets of derived NMR NOE proton–proton distances

Two sets of NOE distance upper bounds derived from NMR

experiments of HEWL in aqueous solution (Schwalbe et al.

2001) and the other from NMR experiments on HEWL in

TFE/water solution (Buck 1994) were converted to GRO-

MOS format and pseudo-atom bound corrections were

added, see Table 2. A detailed description of the computa-

tional procedures with equations and distance corrections

can be found in (van Gunsteren et al. 1996). 1630

Fig. 2 Radius of gyration calculated for the backbone atoms of the

seven sets of protein configurations. The simulation names are defined

in Table 1 and Fig. 1. Note that for NMR_pH7_H2O the time scale

does not have any meaning but the 50 configurational NMR model

structures were evenly distributed over the 20 ns time scale length of

the X-axis
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experimental NMR proton–proton upper distance bounds

were taken from (Schwalbe et al. 2001) and 1388 from

(Buck 1994) including pseudo-atom distance corrections as

given by Wüthrich et al. (1983). Proton–proton distances

were calculated using 1/r3 averaging, r ¼ hr�3ið Þ�1=3
. The

set NOE_TFE was used as distance restraints in simulations

DR, Table 1. Different subsets of the two basic sets of NOE

bounds were used for particular analyses.

Analysis

All analyses of the sets of protein structures have been

done using the tools of GROMOS?? (Eichenberger et al.

2011). In particular, the following GROMOS?? programs

have been used: rmsd (atom-positional root-mean-square

deviation), rmsf (atom-positional root-mean-square fluc-

tuations), rgyr (radius of gyration), dssp (detection of

secondary structure in the protein), prep_noe, noe and

post_noe (atom-atom distance bound violations).

When comparing or averaging quantities Q that depend

on the position of the centre of mass and the spatial ori-

entation of a particular set of atoms, the centres of mass are

superimposed and a rotational least-squares fit of the

positions of the set of atoms is performed before Q is

calculated. The rules of Kabsch and Sander (1983) have been

applied to detect and monitor secondary structure elements

in the HEWL simulations. In some cases one residue may be

assigned to be part of two different secondary structure

elements. In order to avoid ambiguous assignments in such

cases, the following priority rules were applied: b-strand/b-

bridge[a-helix[p-helix[310-helix[hydrogen bonded

turn[bend.

Results and discussion

Figure 2 shows the radius of gyration of all seven sets of

protein configurations as described in Table 1 and Fig. 1.

The NMR model structures as well as the simulations

in water and TFE/water at pH 7 or pH 2 and 310 K

(NMR_pH7_H2O, MD_pH7_H2O, MD_pH2_H2O and

MD_pH2_TFE) all have a radius of gyration around

1.4 nm: the NMR model structures at pH 7 are slightly

more compact and the simulation in TFE slightly less

compact than the simulation in water, while at pH 2 in

water the protein starts unfolding after about 19 ns. As

expected, at high temperature (HT, see Table 1) the protein

becomes less compact due to partial unfolding with

increased sampling of protein configurations during the

heating procedure, either during the indicated simulation,

MD_pH2_TFE_DR, or in the previous one, as is the case

for MD_pH2_TFE_HT_DR. Both sets of protein configu-

rations reach a maximum radius of gyration of about 2 nm

but do not shrink back to 1.4 nm during or after the cooling

sequence. Since the configuration of HEWL in water at

pH 7 is clearly different (Buck et al. 1995) from the ones in

TFE/water at pH 2, it is not surprising that the simulations

with applied distance restraints derived from experimental

NMR NOE proton–proton distances of HEWL in TFE/

water at pH 2 show a different, increased radius of gyration

with proceeding simulation time too. The simulation at 310

K using distance restraints (MD_pH2_TFE_DR) reaches

even larger values for the radius of gyration than the free

MD_pH2_TFE_HT simulation. This indicates that the

water state and TFE state of HEWL are structurally dif-

ferent or, at least, a sizeable change in the protein size is

required to get from one state to the other. This increased

radius of gyration in TFE/water is also observed in small-

angle X-ray scattering data (Hoshino et al. 1997) for

HEWL.

Additional information about the observed structural

changes can be gained from the secondary structure anal-

ysis (see Figs. 3, 4 and 5). The two simulations at pH 2 in

water and TFE/water as well as the simulation in water at

pH 7 (MD_pH2_H2O, MD_pH2_TFE, and MD_pH7_

Fig. 3 Secondary structure elements (Kabsch and Sander 1983)

calculated for the 50 configurations of the set of NMR model

structures (Schwalbe et al. 2001) derived from NMR experiments of

HEWL in aqueous solution at pH 7
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H2O, Fig. 4) all show the characteristic helices and

b-strands in agreement with the secondary structure anal-

ysis of the NMR model structures (compare Fig. 3). A

transition from the native state of HEWL, as it is present in

aqueous solution at pH 7, to the TFE state at pH 2 reported

by Buck et al. (1993, 1995), especially the transformation

of the b-sheet region (residues 42–60) to an a-helix for

residues 50–58 (compare Figure 9 a/b of Buck et al.

(1995)), is not seen in any of the three simulations men-

tioned above, although in MD_pH2_H2O the first b-strand

is only intermittently present and the second one is shorter.

Yet, a formation of a helix within the same residue range is

not observed, even if the propensity for a-helices seems to

be higher in TFE/water at pH 2 than in water only, in

particular at pH 7. The picture is different when enabling

the expected b-strand-to-a-helix transition using a tempo-

rally increased temperature or distance restraints based on

experimentally derived NMR NOE proton–proton distance

bounds of the TFE state of HEWL (MD_pH2_TFE_HT

and MD_pH2_TFE_DR, Fig. 5). The heating from 310 to

400 K results in the complete loss of b-strands within

residues 42–60 after about 10 ns, which happens even

faster, within 0.5 ns, when applying NOE distance

restraints. The heating procedure not only affects the

b-domain of the protein but also leads to a temporary loss

of the two helices within residues 110–125. However, the

protein structure is not that much disrupted to inhibit a

reformation of these two helices in the continuation of the

simulation including the cooling procedure. Application of

distance restraining dissolves the a-helices around residues

30 and 110 and does not allow reformation of these

helices. The loss of secondary structure is even larger when

the heating/cooling procedure is followed by distance

restraining (MD_pH2_TFE_HT_DR, Fig. 5), where all but

two helices disappear and the transition of the b-strand

region (residues 42–60) to an a-helix is not observed. This

illustrates that the use of high temperature in an MD sim-

ulation strongly enhances the sampling, but it may be

enhanced in the wrong or non-relevant direction in the

high-dimensional conformational space, thereby leading to

worse results than at low temperature.

Table 3 gives a quantitative overview of the positional

root-mean-square difference between pairs out of five sets

of protein configurations generated by MD simulation. The

Fig. 4 Secondary structure

elements (Kabsch and Sander

1983) as a function of time

calculated for (from top to

bottom) the MD_pH7_H2O,

MD_pH2_H2O and

MD_pH2_TFE simulation

trajectories. Red a-helix; green
p-helix; black 310-helix; blue
b-strand; yellow b-bridge;

brown bend; grey turn
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same information is qualitatively shown in Figs. 6, 7 and 8.

As we have seen from the analysis of the radius of gyration

and the secondary structure, the two simulations at pH 2

without heating or distance restraining show the smallest

deviation from each other (0.5 nm, see also Fig. 7b) and

from the NMR model structure, see Fig. 6a and c. The

difference from one of these two configurations to one of

the HT or DR configurations is much larger, 1.46–1.79 nm,

depending on which HEWL structures are compared.

Interestingly, the three HT or DR configurations have rmsd

values ranging from 1.21 to 1.74 nm between each other,

underlining the highly visible difference between these

structures, compare also Fig. 9b. It also indicates that the

different approaches in the simulations to obtain a TFE

state configuration do not lead to the same result. This may

reflect the wide diversity of conformations populated in the

dynamic ensemble of a partially folded protein. The men-

tioned numbers result all from the rmsd calculations con-

sidering all protein atoms (lower-left triangle of Table 3)

but the overall picture does not change when basing the

analysis on the Ca-atoms only in the upper-right triangle of

Table 3. Therefore, the differences are not solely due to

Table 3 Atom-positional root-mean-square deviation from the final configuration of one MD simulation to the final configuration of another

MD simulation

MD_pH2_H2O MD_pH2_TFE MD_pH2_TFE_HT MD_pH2_TFE_DR MD_pH2_TFE_HT_DR

MD_pH2_H2O 0.00 0.41 1.43 1.68 1.40

MD_pH2_TFE 0.50 0.00 1.48 1.68 1.36

MD_pH2_TFE_HT 1.54 1.61 0.00 1.08 1.55

MD_pH2_TFE_DR 1.79 1.80 1.21 0.00 1.64

MD_pH2_TFE_HT_DR 1.50 1.46 1.67 1.74 0.00

Upper-right triangle: values for the Ca atoms only. Lower-left triangle: values for all atoms of the protein

Fig. 5 Secondary structure

elements (Kabsch and Sander

1983) as a function of time

calculated for (from top to

bottom) the

MD_pH2_TFE_HT,

MD_pH2_TFE_DR and

MD_pH2_TFE_HT_DR

simulation trajectories. Red
a-helix; green p-helix; black
310-helix; blue b-strand; yellow
b-bridge; brown bend; grey turn
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different configurations of the amino acid side chains in

pure water or TFE/water, but must result from conforma-

tional changes of the protein backbone.

A further characterisation of the different sets of config-

urations of HEWL at pH 2 in TFE can be obtained using the

corresponding NOE data. NOE proton–proton upper bound

distances were calculated from all seven sets of HEWL

protein configurations (see Table 1) and compared to six

NMR NOE proton–proton distance bound sets derived by

experiment, as defined in Table 2. The resulting NOE bound

violations are listed in Table 4. The protein configurations

corresponding to the native state (NMR_pH7_H2O,

MD_pH7_H2O) show the least violations of the H2O NOE

bound set and show much more violations with respect to the

TFE NOE bound set. For the protein configurations corre-

sponding to the TFE state, MD_pH2_TFE,

MD_pH2_TFE_HT, MD_pH2_TFE_DR, and MD_pH2_

HT_DR, only for the latter three the opposite is the case. The

three unrestrained simulations at 310 K (MD_pH7_H2O,

MD_pH2_H2O and MD_pH2_TFE) show that the change

from pH 7 to pH 2 is raising the number of NOE bound

violations with respect to the H2O NOE bounds set while

only slightly reducing the number violations of the TFE NOE

bound set. The secondary structure analysis showed that in

MD_pH2_TFE_HT the three b-strands around residues

42–60 are dissolved and a-helical configurations emerged.

This is reflected in a significant reduction of the violations

involving residues 42–60 of the TFE NOE bound set com-

pared to the simulation MD_pH2_TFE. However, the large

number of NOE bound violations in regard to the NOE TFE

set indicate that the configurations of MD_pH2_TFE_HT are

not representative for the TFE state of the protein. The sets of

(a) (b)

(d)

(f)(e)

(c)

Fig. 6 Final configurations of

two MD simulations (in the case

of the set of NMR structures the

first one has been chosen)

aligned and colored according

to the positional root-mean-

square deviaton of the Ca atoms.

Dark blue is good alignment,

larger deviations are in red. The

simulation names are defined in

Table 1
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configurations generated using NOE distance restraints for

the TFE state do satisfy the NMR NOE TFE set of proton–

proton distance bounds well, as expected, and as such both

represent to some extent the configurational ensemble of the

TFE state. Compared to the total number of NOE distance

bounds in the two experimental NOE data sets the number of

violations of the NOE TFE set for the DR configurations is

even smaller than in the simulation of native HEWL in pure

water at pH 7 with respect to the NOE_H2O bound set

(MD_pH7_H2O, MD_pH2_TFE_DR, MD_pH2_TFE_

HT_DR: 5, 1, 2 %). This does still not mean that we have

found a unique configurational ensemble representing the

TFE state of HEWL. Figure 9b and Table 3 show an rmsd of

1.74 nm between the two final configurations of MD_pH2_

TFE_DR and MD_pH2_TFE_HT_DR. The number of 1388

experimental NMR NOE proton–proton upper bound dis-

tances in the NOE_TFE set is far too low to fully determine

the structure of a protein with as many degrees of freedom as

HEWL.

Figure 10 unifies the analysis of the NOE proton–proton

distance bound violations with respect to both NOE bound

sets NOE_H2O and NOE_TFE with the analysis of the

secondary structure of the seven sets of protein configu-

rations. The NMR model structures of HEWL at pH 7 in

water do satisfy the NOE_H2O bound set but not the

NOE_TFE bound set for the residue range 35–66 and

100–129. The simulation of HEWL at pH 7 in water shows

some violations of the NOE_H2O bound set, but repro-

duces the secondary structure, while showing violations of

the NOE_TFE set for about the same residue ranges as the

NMR model structures. Applying NOE_TFE distance

restraints the secondary structure is partly lost, helix B is

shortened or gone and the b-strands are lost, while the

NOE_TFE bounds are satisfied and the NOE_H2O bounds

are violated throughout the whole residue range.

The results from different analysis methods described

above indicate that the two sets of DR configurations do

satisfy the experimental data for the TFE state of HEWL.

However, it is hard to decide which configuration set is the

better one, since the various analysis methods do not yield

a unique picture. Table 5 lists the protein-protein and

protein-solvent potential energies for the seven sets of

(a)

(c)

(e)

(b)

(d)

Fig. 7 Final configurations of

two MD simulations aligned

and colored according to the

positional root-mean-square

deviaton of the Ca atoms. Dark
blue is good alignment, larger

deviations are in red. The

simulation names are defined in

Table 1
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configurations. At pH 7 MD simulation of HEWL in

aqueous solution slightly lowers the solute-solute energy

compared to the set of NMR model structures. Lowering

the pH from 7 to 2 results in an increase of the solute-solute

energy which is due to the increase of the total charge of

the solute from ?8 e to ?19 e. Considering the four tra-

jectories of HEWL in TFE/water, MD_pH2_TFE has

solute-solute and solute-solvent energies closest to MD_

pH2_H2O. Raising the temperature leads to an increase in

solute-solute energy. At higher temperature, the influence

of the solvent is enhanced. Interestingly, the application of

NOE distance restraints yields the lowest solute-solute

energy and total energy of the protein. The restraints

apparently focuses the sampling on energetically more

favourable conformations of the protein. Comparing both

distance restrained trajectories, the one at room tempera-

ture, MD_pH2_TFE_DR, yields the lowest energies. So

this conformational ensemble offers the best representation

of the TFE state of HEWL.

A comparison of calculated with measured (Buck et al.

1993) values of observables accessible by spectroscopic

techniques such as far-UV CD or fluorescence spectros-

copy for HEWL (Buck et al. 1993; Povey et al. 2007;

D’Amico et al. 2011) or its constituting peptides (Yang

et al. 1995; Povey et al. 2007) would not be very con-

clusive for the following reasons: (i) CD spectra only

indicate overall helical content, not which helices are

present or not; (ii) fluorescence data only reflect modifi-

cations in the relative positions of the six Trp side chains

of HEWL, but not the details with respect to the indi-

vidual Trp residues; (iii) our MD simulations were done in

70 % TFE in order to match the conditions of the NMR

experiment (Buck et al. 1995), whereas the CD and fluo-

rescence measurements were done at 15 % (Buck et al.

(a) (b)

Fig. 9 Final configurations of

two MD simulations aligned

and colored according to the

positional root-mean-square

deviaton of the Ca atoms. Dark
blue is good alignment, larger

deviations are in red. The

simulation names are defined in

Table 1

(a) (b)

(c) (d)

Fig. 8 Final configurations of

two MD simulations aligned

and colored according to the

positional root-mean-square

deviaton of the Ca atoms. Dark
blue is good alignment, larger

deviations are in red. The

simulation names are defined in

Table 1
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Table 4 Number of NOE bound violations of the seven sets of protein structures with respect to two experimental data sets of HEWL in water

(Schwalbe et al. 2001) and HEWL in a TFE/water mixture (Buck 1994)

System Solvent Selection Number of NOE violations

[0.1 nm [0.3 nm [0.5 nm

NMR_pH7_H2O Water All 0/0/0/0 0/0/0/0 0/0/0/0

Only 0/0/0/0 0/0/0/0 0/0/0/0

Residues 42–60 0/0/0/0 0/0/0/0 0/0/0/0

TFE/water All 167/50/111/6 70/15/49/6 29/3/22/4

Only 167/50/111/6 70/15/49/6 29/3/22/4

Residues 42–60 22/7/15/0 8/2/6/0 3/1/2/0

MD_pH7_H2O Water All 89/12/28/49 27/1/5/21 13/0/2/11

Only 84/9/26/49 27/1/5/21 13/0/2/11

Residues 42–60 2/0/1/1 0/0/0/0 0/0/0/0

TFE/water All 199/48/143/8 80/14/60/6 30/2/22/6

Only 199/48/143/8 80/14/60/6 30/2/22/6

Residues 42–60 23/6/17/0 7/2/5/0 1/0/1/0

MD_pH2_H2O Water All 124/9/21/94 45/1/1/43 21/0/0/21

Only 121/7/20/94 45/1/1/43 21/0/0/21

Residues 42–60 10/0/4/6 1/0/0/1 0/0/0/0

TFE/water All 179/51/121/7 75/14/54/7 23/0/18/5

Only 179/51/121/7 75/14/54/7 23/0/18/5

Residues 42–60 25/8/17/0 10/3/7/0 4/0/4/0

MD_pH2_TFE Water All 101/9/17/75 51/1/4/46 29/0/0/29

Only 98/6/17/75 50/0/4/46 29/0/0/29

Residues 42–60 3/0/3/0 0/0/0/0 0/0/0/0

TFE/water All 180/48/123/9 72/10/56/6 26/0/22/4

Only 177/47/121/9 72/10/56/6 26/0/22/4

Residues 42–60 27/7/20/0 9/3/6/0 3/0/3/0

MD_pH2_TFE_HT Water All 448/32/89/327 344/2/38/304 294/0/15/279

Only 428/23/78/327 342/2/36/304 293/0/14/279

Residues 42–60 42/2/9/31 31/0/5/26 24/0/1/23

TFE/water All 193/41/143/9 72/5/60/7 34/2/26/6

Only 188/41/138/9 71/5/59/7 34/2/26/6

Residues 42–60 13/8/5/0 1/0/1/0 0/0/0/0

MD_pH2_TFE_DR Water All 387/20/61/306 268/0/16/252 221/0/3/218

Only 378/14/58/306 268/0/16/252 221/0/3/218

Residues 42–60 41/1/9/31 29/0/4/25 23/0/1/22

TFE/water All 11/7/4/0 0/0/0/0 0/0/0/0

Only 11/7/4/0 0/0/0/0 0/0/0/0

Residues 42–60 0/0/0/0 0/0/0/0 0/0/0/0

MD_pH2_TFE_HT_DR Water All 405/29/71/305 291/1/21/269 247/0/7/240

Only 385/18/62/305 289/0/20/269 246/0/6/240

Residues 42–60 44/4/11/29 29/0/4/25 22/0/1/21

TFE/water All 21/10/11/0 1/0/1/0 0/0/0/0

Only 17/9/8/0 0/0/0/0 0/0/0/0

Residues 42–60 1/1/0/0 0/0/0/0 0/0/0/0

‘‘/’’ separate all/short/medium/long ranged NOE bound distances as defined in Table 2. Each experimental data set is further split into ‘‘all’’

(containing the NOEs of the whole data set), ‘‘only’’ (containing the NOEs which occur in the corresponding set only) and ‘‘residues 42–60’’

(containing NOEs which involve atoms of residues 42–60)
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1993), 50 % (Yang et al. 1995), 40 % (Hoshino et al.

1997), 0–50 % (Povey et al. 2007) and 0–20 % (D’Amico

et al. 2011) TFE.

Figure 11 shows the radial distribution functions from

the centre of geometry of all protein atoms to the oxygen

atoms of the solvent molecules for the six sets of HEWL

configurations generated by MD simulations. There are

almost no water molecules closer than 1 nm to the centre of

the protein in pure water at pH 7. Lowering the pH to 2, the

protein starts to unfold after 19 ns of simulation time

(compare Fig. 2) and water molecules penetrate into

the protein. A native-like fold in TFE/water at pH 2

(MD_pH2_TFE) seems to prefer protein-TFE interaction

over protein-water interaction as indicated by the peak of

the first solvation layer of TFE around 0.5 nm. This is in

agreement with results from previous MD simulations of

peptides in explicit TFE/water solutions which showed an

accumulation of TFE molecules at the peptide surface

(Fioroni et al. 2002; Roccatano et al. 2002; Diaz et al.

2002; Mehrnejad et al. 2007). At high temperature or

with distance restraints applied (MD_pH2_TFE_HT and

MD_pH2_TFE_DR) both solvents penetrate the protein.

MD_pH2_TFE_DR_HT allows the highest solvent pene-

tration, a result of the less compact and more unfolded

protein configuration in this ensemble. As mentioned

before, a detailed analysis of protein-TFE interactions and

structural properties lies beyond the scope of the present

study.

Fig. 10 NOE distance bound violations larger than 0.5 nm for atom

pairs with their position within the protein residue sequence for the

seven different sets of structures averaged over the final 4 ns of the

simulation trajectories. Each system shows the secondary structure

(*: helix, ?: b-strand) of the corresponding residue. Residues with

one ore more atoms involved in a violation of the experimental NOE

sets are marked black. Violations of the experimental NOE bound set

NOE_H2O of HEWL in water are above the seconday structure, while

those of the NOE_TFE set are below the secondary structure

Table 5 Protein-protein and protein-solvent potential energies for the seven sets of HEWL configurations

System Potential energy/kJ mol-1

Solute-solute Solute-solvent Total

Bonded Nonbonded Total

NMR_pH7_H2O 4,312 -11,290 -6,978 – –

MD_pH7_H2O 3,855 -11,152 -7,297 -12,889 -20,186

MD_pH2_H2O 4,454 -9,463 -5,009 -12,204 -17,213

MD_pH2_TFE 4,396 -9,734 -5,338 -11,420 -16,758

MD_pH2_TFE_HT 4,476 -8,405 -3,929 -14,064 -17,993

MD_pH2_TFE_DR 5,108 -11,181 -6,073 -13,329 -19,402

MD_pH2_TFE_HT_DR 5,167 -10,948 -5,781 -13,264 -19,045

The energies calculated from MD simulation trajectories are averaged over the final 5 ns, while for NMR_pH7_H2O the average is calculated

over the 50 NMR model configurations
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Conclusion

Using a set of 1388 NOE atom-atom distance bounds

measured for HEWL at pH 2 in 70 % TFE/30 % water it

was attempted to generate a configurational ensemble for

this protein in its TFE state which would confirm the

conversion of the b-sheet between residues 42 and 60

present in HEWL at pH 7 in water into an a-helical seg-

ment of residues 50 to 58 in the TFE state.

Starting from a structure of HEWL at pH 7 in water and

just changing the pH to 2 and the solvent to 70 % TFE/

30 % water (called TFE) no major conformational changes

were observed within 20 ns of MD simulation. The use of

higher temperatures, up to 400 K, to enhance the sampling

led to conformational changes and in particular cases to the

emergence of a-helical structures for residues 50–58 that

had b-strand secondary structure at pH 7 in water, but the

generated configuration did not satisfy the experimentally

derived NOE distance upper bounds for HEWL in TFE/

water. This could only be achieved by applying the set

NOE_TFE of distance bounds as distance restraints in the

MD simulations. The resulting sets of HEWL configura-

tions do represent to some degree the configurational

ensemble of the TFE state, but is by no means unique or

complete, which is due to the limited number of NOE

bounds, their distribution over the protein, to the limited

sampling of configurational space within 20 ns of MD

simulation and the wide conformational diversity expected

in a partially folded state of this type. Yet, it represents the

currently best possible representation of this ensemble.
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