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the extent to which flexible regions in solution can contain 
persistent secondary structure.
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Abbreviations
λ-lysozyme	� Lysozyme from bacteriophage lambda
MD	� Molecular dynamics
NMR	� Nuclear magnetic resonance
NOE	� Nuclear Overhauser Effect
PDB	� Protein data bank
RMSD	� Root-mean-square difference
RMSF	� Root-mean-square fluctuation
SPC	� Simple point charge

Introduction

Protein structures are inherently dynamic and can exhibit a 
wide variety of motional processes. These range from the 
fluctuations of side chains and loop regions, through the 
relative motions of domains and subunits, to, in extreme 
cases, large-scale rearrangements of the entire protein 
fold (Bahar et al. 2010; Henzler-Wildman and Kern 2007; 
Tokuriki and Tawfik 2009). Such intrinsic motions are 
increasingly recognized to be of fundamental importance 
to the functions of proteins. They have been shown to play 
a central role, for example, in molecular recognition, pro-
tein regulation, allosteric interactions, enzyme catalysis, 
and cellular signaling (Boehr et  al. 2009; Fuxreiter 2012; 
Henzler-Wildman et al. 2007; Motlagh et al. 2014; Smock 
and Gierasch 2009). The internal motions enable an ensem-
ble of conformations to be accessed, different conform-
ers within the ensemble potentially contributing to the 

Abstract  The upper and lower lip regions in lysozyme 
from bacteriophage lambda (λ-lysozyme) are flexible in 
solution and exhibit two different conformations in crys-
tal structures of the protein. MD simulations have been 
used to characterize the structure and dynamics of these 
lip regions, which surround the active site. Ten different 
simulations have been run including those with restraining 
to experimental NOE distance and 1H-15N order param-
eter data. The simulations show that the lower lip region, 
although undergoing considerable backbone fluctuations, 
contains two persistent β-strands. In the upper lip region, 
a wide range of conformations are populated and it is not 
clear from the available data whether some helical second-
ary structure is present. The work provides a clear exam-
ple of the advantages of combining MD simulations with 
experimental data to obtain a structural interpretation of the 
latter. In this case, time-averaged order parameter restrain-
ing has played an essential role in enabling convergence 
between two different starting structures and identifying 
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biological function in different ways (Frauenfelder et  al. 
1991; Lewney and Smith 2012; Sekhar and Kay 2013).

Lysozyme from bacteriophage lambda (λ-lysozyme) is 
an example of an enzyme in which significant conforma-
tional dynamics appear to play an important functional 
role (Evrard et  al. 1999). λ-lysozyme is a lytic transgly-
cosylase, catalyzing the cleavage of glycosidic bonds in 
bacterial peptidoglycan (Bienkowskaszewczyk et al. 1981; 
Black and Hogness 1969; Taylor et al. 1975). The 158-res-
idue protein has a two domain structure that contains six 
α-helices (residues 6–19, 71–81, 88–101, 104–110, 113–
121, 135–149) and six β-strands forming two β-sheets (res-
idues 34–37, 40–42, 52–58, 59–61, 63–66, 68–70) (Fig. 1) 
(Evrard et al. 1998; Leung et al. 2001). The enzyme active 
site and essential catalytic residue, Glu 19, lie in a cleft 
between the two domains (Jespers et al. 1992). The lower 
and upper lip regions of the protein, residues 51–60 and 
128–141, respectively, surround the active site. These lip 
regions have been shown, by 15N NMR relaxation stud-
ies, to be undergoing motions on a picosecond timescale 
in solution, exhibiting reduced 1H-15N order parameters 
(Smith et al. 2013). Exchange contributions to T2 are also 
observed for certain residues in the lip regions, reflecting 
slower timescale motions (Smith et al. 2013).

Interestingly, these lower and upper lip regions, which 
are dynamic in solution, show two different conforma-
tions in X-ray structures of λ-lysozyme (Evrard et al. 1998; 
Leung et al. 2001). In the X-ray structure where no inhibi-
tor is bound in the active site [PDB code 1AM7 (Evrard 
et al. 1998)], there are three molecules, called A–C, in the 
asymmetric unit. Molecules A and C show an open con-
formation. In this form, the lower lip region contains two 
β-strands (β3 and β4) and the end of the upper lip region 
forms the first helical turn of helix α6 (residues 135–149). 
In contrast, molecule B in the 1AM7 X-ray structure dis-
plays a closed conformation. This closed form is also seen 
in the X-ray structure of a complex of λ-lysozyme with 
hexa-N-acetylchitohexanose [PDB code 3D3D (Leung 
et al. 2001)]. In the closed form, the β-strands in the lower 
lip are absent. This region instead forms a loop that par-
tially restricts access to the enzyme active site. Similarly 
in the upper lip, the first turn of helix α6 is absent and the 
upper lip forms a loop that extends across the active site 
cleft (Fig. 1) (Evrard et al. 1998; Leung et al. 2001).

Analysis of the crystal structures, mutagenesis studies, 
and histidine modification experiments have provided evi-
dence that both the open and closed forms of λ-lysozyme, 
and interconversion between them, are required for the 
enzyme function (Evrard et  al. 1999). The open form is 
needed to allow entry of the peptidoglycan substrate to the 
active site, as in the closed form the opening is too small. 
However, the closed form appears to be necessary for 
enzyme activity. In particular, N-carbethoxylation of His 

137 in the upper lip region, which would sterically pre-
vent formation of the closed form, inactivates the enzyme. 
Mutation of His 137 to asparagine, though, which should 
retain the ability to form both the open and closed forms, 
has little or no effect on the enzyme activity (Evrard et al. 
1999).

In (Smith et al. 2013), two 10-ns simulations using the 
GROMOS 45A3 force field are reported and a number of 
properties are compared between simulation and experi-
ment. In the present work, we characterize the dynamical 
properties of the lower and upper lip regions of λ-lysozyme 
using molecular simulation. Ten different 25-ns MD simu-
lations using the GROMOS 54A7 force field have been 
run, five starting from the open conformation and five from 
the closed conformation present in the 1AM7 X-ray struc-
tures (Evrard et al. 1998). Two of the simulations are unre-
strained, i.e., do not use the NMR data, while in the oth-
ers restraints to experimental data have been applied as is 
done in protein structure refinement based on experimental 
X-ray or NMR data. The structure refinement MD simula-
tions with restraining to a limited set of NOE distance and 
1H-15N order parameter restraints show good structural 
equilibration and convergence. The simulation analysis is 
focused on the lower and upper lip regions. These popu-
late a wide range of conformations during the simulations, 
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Fig. 1   The open (cyan) and closed (blue) conformations of lambda 
lysozyme seen in the 1AM7 X-ray structure (molecules A and B, 
respectively) (Evrard et al. 1998). The lower lip (residues 51–60) and 
upper lip (residues 128–141) regions are indicated by black and red 
ovals, respectively, and the six α-helices, β-strand β3 and β4 and the 
exposed loop residues 25–27 are labeled. The Cα atoms of residues 
19, 58, and 131 are shown as colored spheres; the distances between 
these atoms are monitored through the simulations to assess changes 
to the lip regions (Figs. 4, 5, 6). The figure was produced using the 
PyMOL program (The PyMOL Molecular Graphics System, Version 
1.6.0.0 Schrödinger, LLC)
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the trajectories showing good agreement with the available 
experimental data.

Materials and methods

The MD simulations were carried out using the GROMOS 
biomolecular simulation software (Eichenberger et  al. 
2011; Schmid et al. 2011a, 2012) (http://www.gromos.net) 
and the GROMOS 54A7 force-field parameter set (Schmid 
et  al. 2011b). The simulations reported in this work are 
summarized in Table  1. The starting coordinates for the 
simulations were taken from the structures of λ-lysozyme 
with Protein Data Bank code 1AM7 (Evrard et  al. 1998), 
using molecules A and B from the asymmetric unit for the 
open and closed conformation, respectively. The X-ray 
structure determination (at pH 6.7) had used a mutant form 
of λ-lysozyme in which all the tryptophan residues were 
converted into aza-tryptophan (Evrard et  al. 1998). This 
enabled crystals suitable for X-ray analysis to be grown 
(Evrard et al. 1997). In addition, the last four residues are 
missing in the X-ray structure due to insufficient electron 
density. For the simulations, the wild-type sequence of 
λ-lysozyme was used with all the aza-tryptophan residues 
changed to tryptophan and the final four residues added 
to the structure in an extended conformation. In order to 
reproduce the pH conditions of the experimental NMR 
work (pH 5.45) (Di Paolo et al. 2010; Smith et al. 2013), in 
the simulations the Asp and Glu side chains in the protein 
were unprotonated and Cys 120 was protonated. In addi-
tion, His 31 and His 137 on the protein surface were dou-
bly protonated and His 48, which is known experimentally 
to be uncharged at pH 5.45 (Soumillion and Fastrez 1998), 
was singly protonated at Nε2. For both the open and closed 
conformations, the protein was solvated in a rectangular 
box and minimum image periodic boundary conditions 

were applied. The minimum solute-box wall distance was 
set to 1.605 nm for the open conformation and 1.4 nm for 
the closed conformation giving, in both cases, 16,592 sim-
ple point charge (SPC) water molecules (Berendsen et  al. 
1981). Six chloride ions were added to achieve overall neu-
trality of the system.

For each simulation, an initial equilibration scheme 
comprising five 20-ps simulations at temperatures of 
60, 120, 180, 240, and 300  K was used. During the first 
80  ps of this equilibration, the solute atoms were har-
monically restrained to their positions in the starting 
structure with force constants of 25,000, 2500, 250, and 
25  kJ  mol−1  nm−2 at temperatures of 60, 120, 180, and 
240  K, respectively. Following equilibration the simula-
tions were run at 300 K. All simulations were performed at 
a constant pressure of 1 atm, the temperature and pressure 
being maintained using the weak coupling algorithm (Ber-
endsen et  al. 1984), with relaxation times of τT =  0.1  ps 
and τp  =  0.5  ps and an isothermal compressibility of 
4.575 × 10−4 (kJ mol−1 nm−3)−1. Protein and solvent were 
separately coupled to the heat bath. The SHAKE algorithm 
(Ryckaert et al. 1977) was used to constrain bond lengths 
and the geometry of the water molecules, with a relative 
geometric tolerance of 10−4 allowing for an integration 
time step of 2 fs. The center of mass motion was removed 
every 1000 time steps. Non-bonded interactions were cal-
culated using a triple-range cutoff scheme with cutoff radii 
of 0.8 and 1.4 nm. Interactions within 0.8 nm were evalu-
ated every time step and intermediate range interactions 
were updated every fifth time step. To account for the influ-
ence of the dielectric medium outside the cutoff sphere, a 
reaction-field force (Tironi et al. 1995) with a relative die-
lectric permittivity ε of 61 was used (Heinz et al. 2001).

Following equilibration, the simulations starting from 
the open and closed conformations were each branched 
into five different runs, which are summarized in Table 1. 

Table 1   Summary of the 
simulations of λ-lysozyme

The simulation name used, the starting structure for the simulation, and whether or not NOE and 1  H-
15N order parameter restraints were applied in the simulation are indicated. Further details are given in the 
Methods section and the NOE and order parameter restraints used are listed in the Supplementary Material

Simulation name Starting conformation NOE restraints applied Order parameter restraints applied

MD_O 1AM7: A open No No

MD_C 1AM7: B closed No No

NOE_O 1AM7: A open Yes No

NOE_C 1AM7: B closed Yes No

S2_ALL_O 1AM7: A open No Yes for all residues

S2_ALL_C 1AM7: B closed No Yes for all residues

S2_7_O 1AM7: A open No Yes for 7 residues

S2_7_C 1AM7: B closed No Yes for 7 residues

S2_NOE_O 1AM7: A open Yes Yes for 7 residues

S2_NOE_C 1AM7: B closed Yes Yes for 7 residues

http://www.gromos.net
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In the NOE_O, NOE_C, S2_NOE_O, and S2_NOE_C 
simulations 22 time averaged (r−3) NOE restraints were 
applied (Schmid et  al. 2011a) with a force constant of 
6,000  kJ  mol−1  nm−2 and a memory relaxation time of 
20 ps. The NOE distance restraints used are listed in Table 
S1 in the Supplementary Material. Only NOE atom pairs 
involving atoms of the lip regions were used because 
these are of primary interest when characterizing the lip 
motions. Likewise, in the S2_7_O, S2_7_C, S2_NOE_O, 
and S2_NOE_C simulations seven 1H-15N order parameter 
restraints involving residues in the lip regions were applied 
while in the S2_ALL_O and S2_ALL_C simulations 1H-
15N order parameter restraints were applied (Hansen et al. 
2014) for all residues where experimental data are avail-
able (128 residues). The order parameter restraints used are 
listed in Tables S2 and S3 in the Supplementary Material. 
A force constant of 100  kJ  mol−1, a memory relaxation 
time of 20 ps, and a flat bottom of ΔS2 = 0.05 were used. 
Simulations using larger force constants of 200, 300, and 
400  kJ  mol−1 and longer memory relaxation times of 50 
and 100 ps were also investigated (data given in the Sup-
plementary Material). However, the smallest force constant 
value of 100 kJ mol−1, with a memory relaxation time of 
20 ps, was found to be sufficient for satisfying the experi-
mental data.

Analysis was performed with the GROMOS++ suite 
of analysis programs (Eichenberger et  al. 2011) using 
coordinate and energy trajectories written to disk every 
5 ps. Regions of secondary structure were identified using 
the rules defined by Kabsch and Sander in the program 
DSSP (Kabsch and Sander 1983). Hydrogen bonds were 
identified according to a geometric criterion: a hydrogen 
bond was assumed to exist if the hydrogen-acceptor dis-
tance is smaller than 0.25  nm and the donor-hydrogen-
acceptor angle is larger than 135°. In the calculations of 
the backbone atom positional root-mean-square-differ-
ences (RMSD) of the protein structure in the simulations 
the four terminal residues, which were missing in the 
1AM7 structure, were excluded. Inter-proton distances, 
derived from the NOE cross-peak intensities (Table S1), 
for residues in the lower and upper lip regions of the pro-
tein, were compared with the average inter-proton dis-
tances 〈r−3〉−1/3 calculated from the simulated trajectories. 
Because the GROMOS force fields make use of united 
atoms, positions of aliphatic hydrogen atoms were con-
structed based on standard geometries (van Gunsteren 
et  al. 1996). Analysis of crystal contacts and intermo-
lecular hydrogen bonds in the 1AM7 crystal structure 
was performed using the Protein interfaces, surfaces and 
assemblies service PISA at the European Bioinformat-
ics Institute. (http://www.ebi.ac.uk/pdbe/prot_int/pistart.
html) (Krissinel and Henrick 2007).

Results

The analysis reported in this paper concentrates on the 
behavior of the lower and upper lip regions (residues 51–60 
and 128–141, respectively). A number of quantities are 
used to define their conformation.

The first quantity is the agreement of interproton dis-
tances calculated from the protein structure in the simula-
tion trajectories with NOE interproton distance bounds. 
Although a detailed analysis of NOE data for λ-lysozyme 
has not been performed, NOE data for residues in the lip 
regions have been identified (Smith et  al. 2013). From 
these data, a set of 22 NOE distance bounds is consid-
ered (Table S1, Supplementary Material) which define the 
β-sheet secondary structure in the lower lip (12 bounds) 
and the α-helical secondary structure at the start of helix α6 
towards the end of the upper lip region (ten bounds). In the 
X-ray structures, all the upper lip NOE distance bounds are 
satisfied in both the open and closed conformations. How-
ever, in the lower lip, the open conformation shows one 
NOE bound violation greater than 0.05 nm and the closed 
conformation shows six bound violations greater than 
0.05 nm, three of which are greater than 0.15 nm (Fig.  2 
upper panels). So the crystal structures, in particular the 
closed form, derived from X-ray diffraction data are not 
wholly compatible with the NMR NOE data obtained for 
the protein in aqueous solution.

The second quantity is the persistence of five hydro-
gen bonds formed in the secondary structure regions in the 
lower and upper lips. These hydrogen bonds are 53NH-
61CO, 61NH-53CO in the lower lip β-sheet and 138NH-
134CO, 139NH-135CO and 140NH-136CO at the start 
of helix α6 in the upper lip. In the X-ray structures, in the 
open conformation the two hydrogen bonds in the lower lip 
region and the 140NH-136CO hydrogen bond are present 
but the other two helical hydrogen bonds are replaced by 
one i,i-3 hydrogen bond, 138NH-135CO. All five hydrogen 
bonds are missing in the closed conformation.

The third quantity is the distance between the Cα atoms 
of Lys 58 in the lower lip and Gly 131 in the upper lip and 
the distance of each of these atoms to the Cα atom of Glu 
19 in the active site cleft (Fig. 1). The 58 Cα-131 Cα dis-
tance is significantly longer in the X-ray structure in the 
open conformation (2.43 nm) than in the closed conforma-
tion (1.35 nm). The same is seen for the distance 19 Cα-131 
Cα (2.02 nm open and 1.43 nm closed), while the distance 
19 Cα-58 Cα is similar in both conformations (1.96  nm 
open and 1.90 nm closed).

Initially, two 25-ns simulations of λ-lysozyme were run, 
one starting from the open conformation and the other from 
the closed conformation in the 1AM7 X-ray structure of 
λ-lysozyme (Evrard et  al. 1998) (simulations MD_O and 

http://www.ebi.ac.uk/pdbe/prot_int/pistart.html
http://www.ebi.ac.uk/pdbe/prot_int/pistart.html
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MD_C, respectively; Table  1). The backbone atom posi-
tional root-mean-square differences (RMSD) of the protein 
structure in the simulation compared to the starting crys-
tal conformation (data given in the Supplementary Mate-
rial) and the root-mean-square fluctuations (RMSF) of the 
backbone N atoms in the two simulations (see Fig.  7a, b 
discussed in detail later) have been analyzed. The larg-
est fluctuations (>0.15 nm) are concentrated in the N and 
C-termini, an exposed loop between helix α1 and β-strand 
β1 (residues 25–27), and in the upper and lower lip regions. 
When these residues are excluded, the RMSD values level 

off to approximately 0.15 and 0.18 nm for the MD_O and 
MD_C simulations, respectively.

Simulations MD_O and MD_C satisfy all the experi-
mental NOE interproton distance bounds (no. 13–22) for 
the upper lip region. However, for the lower lip region 
data (no. 1–12), these simulations show five and four NOE 
bound violations greater than 0.1 nm, respectively (Fig. 2, 
3rd, 4th panels). All five secondary structure hydrogen 
bonds in the lip region are seen in the first section of the 
MD_O simulation but, after about 8  ns, the 61NH-53CO 
and 140NH-136CO hydrogen bonds are lost. None of the 
five hydrogen bonds are seen with a population greater 
than 0.1 % in the MD_C simulation (Fig. 3). For the dis-
tances involving the lower and upper lips (upper panels 
in Figs. 4, 5, 6), the distances 58 Cα-131 Cα (Fig. 6) and 
19 Cα-131 Cα (Fig. 5) remain close to their values in the 
starting structures used for the simulations. Thus the mean 
58 Cα-131 Cα distance is 2.67 and 1.16 nm in simulations 
MD_O and MD_C, respectively, and the mean for dis-
tance 19 Cα-131 Cα is 1.92 and 1.39 nm in the simulations 
MD_O and MD_C, respectively. In contrast, while the 19 
Cα-58 Cα distance (Fig.  4) remains close to that seen in 
the starting structure in the MD_O simulation (dotted line, 
mean 1.82 nm), this distance becomes significantly shorter 
in the MD_C simulation (solid line, mean 1.36 nm).

The conformations in the lower and upper lip regions 
explored in the MD_O and MD_C simulations are clearly 
different. If there were adequate conformational sampling, 
we would expect the trajectories run from different starting 
structures to show the same conformational properties after 
equilibration. However, the secondary structure hydrogen 
bonds populations in the lip regions (Fig.  3) and the dis-
tances analyzed that involve these regions (Figs. 4, 5, 6) are 
significantly different in the two simulations. Both simu-
lations show violations of the experimental NOE distance 
bounds in the lower lip region (Fig.  2) and the absence 
of the β-sheet secondary structure when starting from the 
closed conformation and a loss of one β-sheet hydrogen 
bond when starting from the open conformation (Fig.  3, 
hydrogen bonds 1 and 2). To address this, it was decided to 
apply a structure refinement protocol involving two 25-ns 
simulations, starting from the open and closed conforma-
tions in the X-ray structure and applying the 22 experimen-
tal NOE distance bound restraints for the lower and upper 
lip regions, with time averaging (simulations NOE_O and 
NOE_C, respectively; Table 1).

As expected, in both the NOE_O and NOE_C simula-
tions, the experimental interproton distance bounds, which 
were used in the structure refinement protocol, are essen-
tially satisfied (Fig.  2, 5th, 6th panels). The NOE_O and 
NOE_C simulations show no NOE violation greater than 
0.06 and 0.04 nm, respectively. In the NOE_O simulation, 
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all five secondary structure hydrogen bonds in the lip 
regions are present, although the helical hydrogen bonds 
138NH-134CO (no. 3) and 140NH-136CO (no. 5) are 
both fluctuating with populations of 49 and 44 %, respec-
tively (Fig.  3, 3rd panel). However, in the NOE_C simu-
lation, although the two lower lip β-sheet hydrogen bonds 
(no. 1 and 2) are formed (populations 15–49 %), the heli-
cal hydrogen bonds are still missing in the upper lip region 
(Fig. 3, 4th panel). The NOE_O simulation shows signifi-
cant fluctuations in the 58–131 (Fig. 6) and 19–131 (Fig. 5) 
Cα-Cα distances (2nd panel). At the start and end of this 
simulation, these distances are similar to those seen in the 
X-ray structure open conformation. However, between 

10 and 20  ns, these distances decrease and are similar to 
those seen in the closed conformation. In contrast, in the 
NOE_C simulation, the fluctuations in these distances are 
much smaller. Their values never increase to those seen in 
the X-ray structure open conformation.

The lower and upper lip regions are known to be flex-
ible in solution (Smith et al. 2013). Figure 7a, b compares 
the root-mean-square positional fluctuations of the back-
bone N atoms in the various simulations. Elevated RMSF 
values are seen in both the upper and lower lip regions 
in the MD_O (black, dotted), and NOE_O (red, dotted) 
simulations (maximum values of 0.29 and 0.37 nm in the 
lower and upper lip regions, respectively in the MD_O 

Fig. 3   Secondary structure 
hydrogen bonds present in the 
lower and upper lip regions 
during the simulations, from 
top to bottom MD_O, MD_C, 
NOE_O, NOE_C, S2_ALL_O, 
S2_ALL_C, S2_7_O, S2_7_C, 
S2_NOE_O and S2_NOE_C. 
The data shown are for the 
hydrogen bonds 53 NH–61 CO 
(1), 61 NH–53 CO (2) (lower 
lip β-sheet), 138 NH–134 CO 
(3), 139 NH-135 CO (4) and 
140 NH–136 CO (5) (upper lip 
α-helix). A circle indicates that 
the hydrogen bond is present
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simulation, and 0.31 and 0.38 nm in the lower and upper 
lip regions, respectively in the NOE_O simulation). How-
ever, a significantly smaller RMSF is seen in the upper lip 
region in the MD_C (black, solid) and NOE_C (red, solid) 
simulations (maximum values 0.16 nm). The RMSF in the 
lower lip is slightly larger in the MD_C simulation (maxi-
mum value 0.21 nm) and significantly larger in the NOE_C 
simulation (maximum value 0.29 nm) than in the upper lip.

Figure 7c, d compares the 1H-15N order parameters cal-
culated from the MD_O (black, dotted), MD_C (black, 
solid), NOE_O (red, dotted) and NOE_C (red, solid) sim-
ulations with the experimental data (Smith et  al. 2013). 
Overall, the experimental order parameters and those cal-
culated from the MD_O and NOE_O simulations show a 
similar trend with low order parameter values seen at the 
termini, in the lower and upper lip regions and an exposed 

Fig. 4   Time series showing 
the variations in the distance 
between the Cα atoms of Glu 
19 and Lys 58 through the 
simulations. From top to bottom 
the data for the unrestrained 
simulations (MD_O dotted 
line; MD_C solid line), the data 
for the simulations with NOE 
restraining (NOE_O dotted 
line; NOE_C solid line), the 
data for the simulations with 
order parameter restraining for 
all residues (S2_ALL_O dotted 
line; S2_ALL_C solid line), the 
data for the simulations with 
order parameter restraining for 
7 residues (S2_7_O dotted line; 
S2_7_C solid line) and the data 
for the simulations with order 
parameter and NOE restrain-
ing (S2_NOE_O dotted line; 
S2_NOE_C solid line). In each 
panel, the distance in the X-ray 
structures with the open and 
closed conformation are shown 
by thick dotted and solid hori-
zontal lines, respectively
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loop (residues 25–27) which shows elevated RMSF values. 
The experimental data has 44 residues with very large order 
parameter values in the range 0.96–1.0. The values calcu-
lated from the simulations for these residues are slightly 
lower in the range 0.89–0.93. This difference for residues 
with very large experimental order parameter values has 
also been observed in other comparisons of experimen-
tal data and those calculated from simulation trajectories 
(Buck et al. 2006; Koller et  al. 2008; Soares et al. 2004). 

For the MD_C and NOE_C simulations large order param-
eters are seen in the lower lip region (0.69–0.80) com-
pared to those seen in the MD_O and NOE_O simulations 
(0.38–0.62).

The lip regions in the NOE_O simulation sample a range 
of conformations, with elevated N atom root-mean-square 
positional fluctuations and significant fluctuations in the 
19–131 (Fig.  5) and 58–131 (Fig.  6) distances. However, 
conformational sampling is more limited in the NOE_C 

Fig. 5   Time series showing 
the variations in the distance 
between the Cα atoms of Glu 
19 and Gly 131 through the 
simulations. From top to bottom 
the data for the unrestrained 
simulations (MD_O dotted 
line; MD_C solid line), the data 
for the simulations with NOE 
restraining (NOE_O dotted 
line; NOE_C solid line), the 
data for the simulations with 
order parameter restraining for 
all residues (S2_ALL_O dotted 
line; S2_ALL_C solid line), the 
data for the simulations with 
order parameter restraining for 
seven residues (S2_7_O dotted 
line; S2_7_C solid line) and 
the data for the simulations 
with order parameter and NOE 
restraining (S2_NOE_O dotted 
line; S2_NOE_C solid line). In 
each panel, the distance in the 
X-ray structures with the open 
and closed conformation are 
shown by thick dotted and solid 
horizontal lines, respectively
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simulation, especially in the upper lip region where small N 
atom root-mean-square positional fluctuations are observed. 
In order to enhance the conformational sampling and to 
obtain convergence between properties calculated from 
simulations run from different starting structures, MD simu-
lations were run with order parameter restraining (Hansen 
et  al. 2014). Four simulations were run, two starting from 
the open conformation and two from the closed conforma-
tions in the X-ray structure, with time averaged 1H-15N 

order parameter restraints being applied. In the first pair of 
simulations (S2_ALL_O and S2_ALL_C; Table 1) the order 
parameters were restrained to the experimental values for all 
residues where experimental data are available (although a 
target value of 0.90 was used for residues with an experi-
mental order parameter above this value, Table S2). In the 
second pair of simulations (S2_7_O and S2_7_C; Table 1) 
order parameter restraints were applied for the seven resi-
dues (28, 58, 59, 60, 135, 136, and 137, Table S3) which 

Fig. 6   Time series showing 
the variations in the distance 
between the Cα atoms of Lys 
58 and Gly 131 through the 
simulations. From top to bottom 
the data for the unrestrained 
simulations (MD_O dotted 
line; MD_C solid line), the data 
for the simulations with NOE 
restraining (NOE_O dotted 
line; NOE_C solid line), the 
data for the simulations with 
order parameter restraining for 
all residues (S2_ALL_O dotted 
line; S2_ALL_C solid line), the 
data for the simulations with 
order parameter restraining for 
seven residues (S2_7_O dotted 
line; S2_7_C solid line) and 
the data for the simulations 
with order parameter and NOE 
restraining (S2_NOE_O dotted 
line; S2_NOE_C solid line). In 
each panel, the distance in the 
X-ray structures with the open 
and closed conformation are 
shown by thick dotted and solid 
horizontal lines, respectively

1

1.5

2

2.5

3

3.5

D
is

ta
nc

e 
(n

m
)

1

1.5

2

2.5

3

3.5

D
is

ta
nc

e 
(n

m
)

1

1.5

2

2.5

3

3.5

D
is

ta
nc

e 
(n

m
)

1

1.5

2

2.5

3

3.5

D
is

ta
nc

e 
(n

m
)

0 5 10 15 20 25

Time (ns)

1

1.5

2

2.5

3

3.5

D
is

ta
nc

e 
(n

m
)

Lys 58 - Gly 131 (lower lip - upper lip)

MD_O (dottted) MD_C (solid)

NOE_O (dotted) NOE_C (solid)

S2_ALL_O (dotted) S2_ALL_C (solid)

S2_7_O (dotted) S2_7_C solid)

S2_NOE_O (dotted) S2_NOE_C (solid)



244	 Eur Biophys J (2015) 44:235–247

1 3

show, apart from the N and C-terminal residues, the lowest 
experimental 1H-15N order parameters (Smith et al. 2013), 
the target value being 0.45, the mean value seen for the 
lower lip residues in the MD_O simulation.

The 1H-15N order parameters calculated from the S2_
ALL_O and S2_ALL_C simulations (blue, Fig.  7c, d) 
show trends similar to the experimental ones through the 
sequence although for residues with the largest experimen-
tal order parameters the calculated values are lower reflect-
ing the target order parameter value of 0.90 for these resi-
dues. The lowest order parameter values seen in the lower 
and upper lip region are 0.43 and 0.68, respectively in the 
S2_ALL_O simulation and 0.43 and 0.62, respectively in 
the S2_ALL_C simulation. Overall, the data for the S2_
ALL_O and S2_ALL_C simulations are similar to those 
for the corresponding unrestrained simulations MD_O and 
MD_C (black lines), although they show larger NOE bound 
violations (Fig. 2). In particular, both the S2_ALL_O and 
S2_ALL_C simulations show three NOE bound violations 
greater than 0.2  nm for the lower lip region. In addition, 
the RMSF values in the lower and upper lip regions in 
the S2_ALL_O simulation (maximum values of 0.24 and 
0.14  nm, respectively) are smaller than those seen in the 
MD_O simulation (maximum values of 0.29 and 0.37 nm, 
respectively).

Both the S2_7_O and S2_7_C simulations show low 1H-
15N order parameter values (0.28–0.50) for the seven resi-
dues where order parameter restraints have been applied 
(green, Fig.  7c, d). In addition, the S2_7_C simulation 
shows elevated N atom root-mean-square positional fluc-
tuations in both the lower and upper loop regions (maxi-
mum values of 0.50 and 0.25 nm, respectively) while in the 
S2_7_O simulation only the values in the lower lip region 
are significantly elevated (maximum values of 0.35 nm and 
0.17  nm in the lower and upper lip regions, respectively) 
(Fig.  7a, b). The larger fluctuations have, however, dis-
rupted the secondary structure in the lip regions and large 
NOE violations are observed. In the S2_7_O simulation the 
populations of the β-sheet hydrogen bonds in the lower lip 
region have fallen to 3–7 % (no. 1, 2 in Fig.  3). In addi-
tion, in the upper lip region the populations of the heli-
cal hydrogen bonds 138NH- 134CO and 140NH- 136CO 
have been reduced to 42 and 20 %, respectively, while the 
139NH-135CO hydrogen bond is still very persistent (91 % 
population; Fig. 3). In the S2_7_C simulation none of the 
secondary structure hydrogen bonds in the lip regions have 
a population greater than 0.1 % (Fig. 3). In addition, there 
are four and three NOE violations greater than 0.25 nm in 
the S2_7_O and S2_7_C simulations, respectively (Fig. 2).

In light of the large NOE violations observed in the 
S2_7_O and S2_7_C simulations, two further structure 
refinement simulations were run. These started from the 
open and closed conformations in the X-ray structure 
applying both the 22 NOE distance restraints for the lower 
and upper lip regions and the seven 1H-15N order param-
eter restraints (simulations S2_NOE_O and S2_NOE_C; 
Table 1). The 1H-15N order parameter values and N atom 
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Fig. 7   The root-mean-square positional fluctuations (RMSF) of the 
backbone nitrogen atoms (A and B) and the 1H-15N order param-
eters (C and D) calculated from the unrestrained simulations (MD_O 
and MD_C, black) and simulations with NOE restraining (NOE_O 
and NOE_C, red), order parameter restraining for all residues (S2_
ALL_O and S2_ALL_C, blue), order parameter restraining for seven 
residues (S2_7_O and S2_7_C, green) and order parameter and NOE 
restraining (S2_NOE_O and S2_NOE_C, cyan). The data for the sim-
ulations started from the open conformations are shown with dotted 
(O) lines in panels A and C while the data for the simulations started 
from the closed conformations are shown with solid (C) lines in pan-
els B and D. The positions of the lower and upper lip regions in the 
sequence are indicated by black bars in panel A and the experimental 
order parameter values are shown in brown (thin solid lines) in panels 
C and D. In the calculations the time period 10–25 ns was used with, 
for the order parameter calculations, a 1  ns window. The structures 
were superimposed using the backbone of the residues in the core of 
α helices 1, 2, 3, and 5 (residues 8–17, 73–79, 90–99, and 115–118)
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root-mean-square positional fluctuations calculated from 
the S2_NOE_O and S2_NOE_C simulations are simi-
lar to those seen in the S2_7_O and S2_7_C simulations, 
respectively (Fig. 7). However, in both the S2_NOE_O and 
S2_NOE_C simulations, because NOE restraints have been 
applied in the structure refinement protocol, there are no 
NOE violations greater than 0.06 nm (Fig. 2). In addition, 
the two hydrogen bonds between β-strands in the lower lip 
region have a significant population (63–92 and 21–61 % 
in simulations S2_NOE_O and S2_NOE_C, respectively) 
(Fig. 3).

Discussion

The upper and lower lip regions show quite different 
behavior in the structure refinement MD simulations of 
λ-lysozyme reported here. The lower lip in general shows 
larger atom-positional RMSF values for the backbone 
N atoms than the upper lip. However, for the simulations 
starting from the closed conformation in the X-ray struc-
ture, order parameter restraining is needed to see this wider 
level of dynamics. The NOE distance bounds for the lower 
lip region are satisfied in the simulations only when NOE 
restraining is applied. Indeed, NOE restraining is essential 
for forming the β-strands in the lower lip in the simulation 
starting from the closed conformation and for maintain-
ing the β-strands in the simulations starting from the open 
conformation with order parameter restraining. When both 
the order parameter and NOE restraints are applied in the 
simulations, the extent of sampling and range of conform-
ers populated in the simulations starting from the open 
and closed conformations is more similar. For example, 
the fluctuations in the 19 Cα -58 Cα distance in the S2_
NOE_O and S2_NOE_C simulations (Fig.  4) are compa-
rable with mean values of 1.52 and 1.62 nm, respectively. 
It is interesting that highly persistent β-strand hydrogen 
bonds are seen in this lip region even though it is undergo-
ing considerable dynamics.

In the upper lip region, the simulations starting from the 
open and closed conformations in the X-ray structure do 
not show complete convergence of properties. The α-helical 
hydrogen bonds at the end of this lip region and the start of 
helix α6 are seen in all the simulations starting from the 
open conformation. The helical secondary structure in this 
region is very fluctuating though, with the 140NH-136CO 
and 138NH-134CO hydrogen bonds having populations of 
12–44 and 42–58  %, respectively. These α-helical hydro-
gen bonds are never seen in the simulations starting from 
the closed conformation. The differences between the con-
formations populated in the simulations starting from the 
open and closed conformations is also shown clearly in 
the 19-131 and 58-131 Cα-Cα distances analyzed (Figs. 5 

and 6). Longer distances, seen in the simulations from the 
open conformation, are not observed in the S2_ALL_C, 
S2_7_C and S2_NOE_C simulations. Despite the confor-
mational differences, all the simulations satisfy the NOE 
distance bounds in the upper lip region. In addition, in 
the S2_ALL_C, S2_7_C and S2_NOE_C simulations the 
fluctuations in the upper lip region have been significantly 
increased so the simulations also satisfy the order param-
eter data. Therefore, it is not clear from the experimental 
data and the simulations whether or not the upper lip region 
forms a significant population of α-helix in solution and if 
insufficient sampling is still preventing its formation in the 
simulations starting from the closed conformation.

Interestingly, an analysis of crystal contacts and inter-
molecular hydrogen bonds in the 1AM7 crystal structure 
of λ-lysozyme shows hydrogen bonds between Pro 57 and 
Lys 58 in the lower lip region of molecule B in the closed 
conformation and Asn 6 in molecule C. In addition, resi-
dues 131–134 in the upper lip region of both molecules 
A (open conformation) and B (closed conformation) also 
make hydrogen bonds to molecule C. These contacts may 
help stabilize the open and closed conformations seen in 
the crystal structure and explain, at least in part, the chal-
lenge of observing convergence between the MD simula-
tions starting from the open and closed conformations 
reported here. Another explanation may lie in the limited 
length, 25 ns, of the simulations. As mentioned in the Intro-
duction, exchange contributions to T2 relaxation are also 
observed for certain residues in the lip regions, reflect-
ing slower timescale motions (Smith et  al. 2013). While 
open and closed conformation must have comparable 
(free) energies, they may be separated by an energy bar-
rier that requires times in the microsecond time scale to be 
surpassed.

Overall, the simulations performed here have shown 
the value of restraining to experimental data in so-called 
structure refinement simulations. Unrestrained simulations 
starting from the open and closed conformations observed 
in a crystalline environment did not give the same values 
of the various properties analyzed and did not satisfy the 
NOE and order parameter data derived from experiments 
on the protein in solution. This stresses the importance of 
comparisons between MD simulation results and experi-
mental data. A very conservative structure refinement 
approach has been used here, with only 22 NOE and either 
seven or 128 order parameter restraints being used with 
time averaging. The order parameter restraining has been 
essential for enhancing the positional fluctuations in the 
upper and lower lip regions, especially in the simulations 
starting from the closed conformation. Moreover, the com-
bination of NOE and order parameter restraining worked 
well together, producing trajectories which agree with the 
experimental data and thus can be considered as a viable 
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structural representation of these. The simulations with 
order parameter and NOE restraining show a wide range 
of conformations in the lower and upper lip regions with 
maximum backbone N atom RMSF values of 0.34 and 
0.18 nm in the upper and lower lip regions, respectively, in 
the S2_NOE_O simulation and of 0.46 and 0.35 nm in the 
upper and lower lip regions, respectively in the S2_NOE_C 
simulation (Fig.  7). The simulations therefore provide a 
fuller description of the structural properties of the protein 
in solution than can be obtained from the open and closed 
forms present in the X-ray crystal structures or from stand-
ard single-structure, i.e., non time-averaging, refinement 
based on NMR data.
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