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Introduction

Lysozyme from bacteriophage lambda (l lysozyme) is a mono-
meric 158 residue enzyme that catalyses the cleavage of the
glycosidic bonds in bacterial peptidoglycan between N-acetyl-
muramic acid (MurNAc) and N-acetylglucosamine (GlcNAc) resi-
dues.[1] Unlike most lysozymes, which catalyse hydrolysis, the
cleavage mechanism for l lysozyme involves intramolecular
transglycosylation forming a 1,6-anhydro-N-acetylmuramic acid
terminal residue.[2] In this respect l lysozyme resembles the
lytic transglycosylases.[3]

Similar to all lysozymes, the structure of l lysozyme consists
of two domains (Figure 1).[4] Domain I contains two b-sheets
formed from six b-strands and one a-helix (a2), while domain II
contains four a-helices (a1, a4, a5, a6). A sixth a-helix (a3)
links the two domains. The active-site cleft in l lysozyme lies
between the two domains. The essential catalytic residue,
Glu19, is positioned deep within this cleft.[5] Comparison of the
structure of l lysozyme with that of c-type and v-type lyso-
zymes has shown some similarities.[4a] Structural alignment of
about 60 Ca atoms in l lysozyme with T4 lysozyme and hen

egg-white lysozyme, including particularly helices a1 and a3
and part of the b-sheets in l lysozyme, gives an atom position-
al RMSD of approximately 2 �.[4a] In addition, there is a similarity
between the structure of l lysozyme and the peptidoglycan
glycosyltransferase (PGT) domains from Staphylococcus
aureus[6] and Aquifex aeolicus[7] penicillin-binding proteins. Here
there is good overlay of secondary structure between domain I
of l lysozyme and the larger globular “head” lobe of the PGT
domain, including helices a1, a3, a5 and a6 in l lysozyme.
Glu19, in the active site of l lysozyme, also overlays with a cata-
lytic glutamate residue in PGT. However, domain II in l lyso-
zyme is replaced by a membrane associated helical “jaw” lobe
in the PGT domains.[6, 7]

One interesting feature from the crystallographic studies of
l lysozyme is the observation of two different conformations,
open and closed forms, in the region surrounding the enzyme
active site.[4] In particular, the X-ray structure with no inhibitor
ligand bound in the active site (PDB ID: 1AM7[4a]) contains
three molecules in the asymmetric unit, molecules A and C
adopting the open form and molecule B the closed form. The
closed form is also seen in the X-ray structure of l lysozyme in
complex with hexa-N-acetylchitohexaose (PDB ID: 3D3D).[4b]

The significant differences between the open and closed forms
are for residues 51–60 (lower lip) and 128–141 (upper lip).[4]

The lower lip contains two b-strands (b3 and b4) in the open
form. These b-strands are missing in the closed form, the lower
lip forming a long loop which partially restricts access to the
active-site cleft. In the upper lip region the main differences
between the open and closed forms are at the N terminus of
helix a6. In the open form helix a6 comprises residues 135–
148 but in the closed form the first helical turn is unwound

15N NMR relaxation studies, analyses of NMR data to include
chemical shifts, residual dipolar couplings (RDC), NOEs and HN–
Ha coupling constants, and molecular dynamics (MD) simula-
tions have been used to characterise the behaviour of lyso-
zyme from bacteriophage lambda (l lysozyme) in solution. The
lower and upper lip regions in l lysozyme (residues 51–60 and
128–141, respectively) show reduced 1H–15N order parameters
indicating mobility on a picosecond timescale. In addition, resi-
dues in the lower and upper lips also show exchange contribu-
tions to T2 indicative of slower timescale motions. The chemical

shift, RDC, coupling constant and NOE data for l lysozyme in-
dicate that two fluctuating b-strands (b3 and b4) are populat-
ed in the lower lip region while the N terminus of helix a6 (res-
idues 136–139) forms dynamic helical turns in the upper lip
region. This behaviour is confirmed by MD simulations that
show hydrogen bonds, indicative of the b-sheet and helical
secondary structure in the lip regions, with populations of 40–
60 %. Thus in solution l lysozyme adopts a conformational
ensemble that will contain both the open and closed forms
observed in the crystal structures of the protein.
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(helix a6 comprises residues 139–148) and the upper loop
region extends across the active site.[4]

In this paper we report the characterisation of the structure
and dynamics of l lysozyme in solution by NMR techniques, in-
cluding 15N relaxation studies, 15N–1HN residual dipolar coupling
measurements and analyses of chemical shift, NOE, coupling
constant and hydrogen exchange data. The experimental data
are complemented by two molecular dynamics (MD) simula-
tions starting from the open and closed conformations seen in
the X-ray structures. We concentrate particularly on the behav-
iour of the upper and lower lip regions, both of which show
considerable conformational flexibility in solution.

Results and Discussion

15N relaxation measurements

15N relaxation measurements (T1, T2 and {1H}15N heteronuclear
NOE) have been carried out for l lysozyme at 500 and
750 MHz; data were obtained for 128 of the 158 residues of
l lysozyme. The T1/T2 ratios at 500 and 750 MHz are shown in
Figure 2 A. As expected, 15N T1 values increase with frequency

while T2 values generally decrease. Some residues have T2

values that show more complex frequency dependencies. It is
clear from the T1/T2 ratios, particularly at 750 MHz, that ex-
change contributions to T2 are observed for some residues,
particularly in the region of residues 51–60 and 124–140.
{1H}15N NOE ratios determined at 500 and 750 MHz are shown
in Figure 2 B. For the majority of residues, NOE ratios above
0.75 are observed, indicating a rigid backbone, characteristic of
a globular protein with limited amplitude dynamics on a fast

Figure 1. Upper panel : Ribbon representation of molecules A (red; open
form) and B (blue; closed form) in the X-ray structure of l lysozyme with
PDB ID: 1AM7.[4a] The lower and upper lip regions (residues 51–60 and 128–
141, respectively), which show different conformations, are indicated. The six
a-helices in the protein are labelled. Middle and lower panels : Superposition
of instantaneous structures taken from the MD simulations of l lysozyme.
The protein backbone is shown in ribbon representation in grey with the
lower and upper lip regions shown in colour. Middle panel: simulation of
molecule A: red 0 ns, mauve 5 ns, pink 10 ns structures. Lower panel : simula-
tion of molecule B: blue 0 ns, light blue 5 ns, cyan 10 ns structures.

Figure 2. A) Experimental T1/T2 ratios obtained at 500 MHz (*) and at
750 MHz (&). Residues requiring an exchange contribution (Rex) to T2 are in-
dicated by ~ for values less than 1.0 s�1, and by ~ for values greater than
1.0 s�1, just above the x-axis. For all residues Rex values are given for
500 MHz and must be scaled by 2.25 for 750 MHz. B) Experimental {1H}15N
heteronuclear NOE ratios obtained at 500 MHz (*) and at 750 MHz (&). C) S2

order parameters obtained from the fitting of the 15N relaxation data using
the “model-free” approach, as described in the Experimental Section. Errors
derived from the Monte Carlo analysis are shown.
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timescale. However, lower NOE ratios, indicative of significant
dynamics on the picosecond timescale are observed in several
regions of the sequence, including residues at the N and C ter-
mini but also for residues 52–60 and 129–138. These latter two
groups of residues correspond to the two regions found in dif-
ferent conformations in the open and closed structures identi-
fied by X-ray crystallography.[4a]

The 15N T1, T2 and {1H}15N heteronuclear NOE data were ana-
lysed using the “model-free” approach of Lipari and Szabo,[8]

using an axially symmetric diffusion tensor, as described in the
Experimental Section. Six different models were tested; the
fitted parameters in these models include S2, the generalized
order parameter, Rex, the chemical exchange contribution to T2,
te, the effective correlation time for internal motion on a fast
timescale, S2

f, S2
s and ts, the order parameters for faster and

slower timescale motions and the effective correlation time for
slow internal motion. Model 1 (S2 only) was selected for 86 of
the 128 residues analysed, 12 residues required S2 and Rex

(model 2), six required S2 and te (model 3), six required S2, Rex

and te (model 4), 13 residues required the use of the extended
model with S2

s, S2
f and ts (model 5) and five residues required

the use of the extended model (S2
s, S2

f and ts) with Rex

(model 6). The order parameters (S2) obtained from the model-
free analysis are plotted as a function of sequence in Fig-
ure 2 C. Generally high S2 values (�0.85) are obtained for the
majority of residues (83 %) in l lysozyme indicating a rigid
backbone in most regions of the structure. However, lower
order parameters (<0.85) are observed for 22 residues; these
are located at the N and C termini of the sequence and also
for residues 55–60 and 133–138, these residues correspond to
the lower and upper lip regions found to adopt different con-
formations in the 1AM7 crystal structure.[4a] Chemical exchange
contributions to T2, Rex terms, were required for 23 residues as
shown in Figure 2 A. It is interesting to note that the residues
with the largest Rex terms are lo-
cated in the lower and upper
lip regions indicating that these
residues undergo motions on
both fast picosecond and
slower microsecond to millisec-
ond timescales.

Chemical shift, coupling con-
stant and NOE data for the lip
regions

The 1H, 13C, and 15N chemical
shifts for l lysozyme[9] have
been compared with those pre-
dicted using the SHIFTX2[10] pro-
gram for molecules A and B in
the 1AM7 crystal structure.[4a]

TALOS+[11] has also been used
to predict the f, y torsion
angles from the experimental
chemical shift data and these
torsion angles have been com-

pared with those seen in the crystal structures. Overall, consid-
ering the full sequence of l lysozyme, there is a good agree-
ment between the experimental chemical shifts and those pre-
dicted using SHIFTX2. For example, for the 13Ca chemical shifts
there are correlation coefficients of 0.995 and 0.993 between
the experimental chemical shifts and those calculated for mol-
ecules A (open form) and B (closed form), respectively, whereas
for the main-chain 15N chemical shifts, the correlation coeffi-
cients are 0.977 and 0.914, respectively.

In the lower lip region the experimental chemical shifts are
very similar to those predicted by SHIFTX2 for molecule A
(open form; Figure 3 A). However, differences compared to the
predictions for molecule B (closed form) of at least 2 ppm in Ca

chemical shift are seen for Thr54 and Lys60 and of at least
4 ppm in main chain 15N chemical shift for Leu52, Val53, Thr54
and Leu59. With TALOS+ the f, y torsion angles predicted
from the experimental chemical shifts for the lower lip region
agree well with those observed for molecule A in the crystal
structure but there are significant differences for the y torsion
angles of Val53 and Leu59 from the values seen for molecule B
in the crystal structure. For Val53 TALOS+ predicts a b-sheet
conformation with a f angle of (�97�19)8 and a y angle of
+128�98 while in molecules A and B in the crystal structure
the f, y torsion angles are �1028, +1328 and �1198, +28, re-
spectively. Similarly for Leu59 TALOS+ predicts a b-sheet con-
formation with a f angle of �130�258 and a y angle of
+121�218 while in molecules A and B in the crystal structure
the f, y torsion angles are �1238, +1098 and �928, �68, re-
spectively.

3JHNHa coupling constants have been measured for 104 resi-
dues in l lysozyme and have been compared with values pre-
dicted from the f torsion angles in molecules A and B from
the 1AM7 crystal structure. Overall, better agreement is seen
between the experimental coupling constants and those pre-

Figure 3. Difference between predicted and experimental 13Ca (upper panels) and 15N (lower panels) chemical
shifts for A) residues 51–61 (lower lip) and B) 128–141 (upper lip) in l lysozyme. The program SHIFTX2[10] was used
to predict the chemical shifts for molecules A (open form) and B (closed form) in the crystal structure of l lyso-
zyme with PDB ID: 1AM7.[4a] The chemical shift difference (experiment�predicted) for molecules A and B are
shown with filled bars and open bars, respectively.
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dicted from the structure of molecule A (correlation coefficient
0.860) compared to those predicted from the structure of mol-
ecule B (correlation coefficient 0.788). In the lower lip region
experimental 3JHNHa coupling constant data are available for
Lys51, Leu52, Thr54, Leu55, Lys58, Leu59 and Lys60. For three
of these residues, Leu52, Lys58 and Lys60, there are significant
differences greater than 2.5 Hz between the experimental cou-
pling constants and those predicted from the structure of mol-
ecule B. Some differences are also seen for these residues from
those predicted from the structure of molecule A, but in each
case there is a closer agreement (Leu52 experimental 6.2 Hz,
predicted molecule A 8.3 Hz, molecule B 9.6 Hz; Lys58 experi-
mental 9.4 Hz, predicted molecule A 8.1 Hz, molecule B 6.8 Hz;
Lys60 experimental 8.6 Hz, predicted molecule A 9.7 Hz, mole-
cule B 3.1 Hz).

In molecule A (open form) there are b-strands for residues
53–56 (b3) and 59–61 (b4) but both b-strands are missing in
molecule B (closed form). The significantly better agreement
seen for the chemical shift data for residues in these regions
with the predictions for molecule A compared to molecule B
suggest that the b-strands are significantly populated in solu-
tion. This conclusion is also supported by NOE data. In particu-
lar, analysis of interproton distances in the 1AM7 X-ray struc-
ture indicates that long-range interstrand NOEs are expected
between residues 54, 55, 56 (b3) and residues 59, 60, 61 (b4) in
the open (molecule A) but not in the closed (molecule B) con-
formation. Experimentally long-range NOEs between L55 HN,
N56 HN and K60 Ha and between S61 HN and T54 Ha are ob-
served (Figure 4). However, similar intensities are seen between
L55 HN, N56 HN and K60 Ha while the open structure predicts
distances of 2.9 and 4.5 �, respectively. The observation of

these NOEs indicates that the b3 and b4 strands, as seen in
the open conformation, must be populated in solution. How-
ever, the similar peak intensities suggest that there is some
conformational averaging in this region. Conformational aver-
aging may also be contributing to the differences seen in this
region between experimental 3JHNHa coupling constants and
those predicted from the molecule A structure. In addition,
studies of hydrogen/deuterium (H/D) exchange in l lyso-
zyme[12] show that there is no protection from H/D exchange
for residues 53–61, indicating that the hydrogen bonds be-
tween the b-strands in this region must not be very persistent.

In the upper lip region residues 128–134 adopt a loop con-
formation with similar f, y torsion angles in molecules A and
B. Good agreement is seen between the SHIFTX2 predictions
for both molecules A and B and the experimental data (Fig-
ure 3 B), with the exception of Gly129 where a deviation great-
er than 6 ppm is seen for the main chain 15N prediction for
molecule B. In molecule A helix a6 starts at Phe135 whereas in
molecule B the helix does not start until Ala139. Using the
experimental chemical shift data, TALOS+ predicts a helix start-
ing from Glu136 (there is an ambiguous f, y prediction for
Phe135). There are significant differences between the f, y

predictions from the chemical shift data for Glu136 (f �65�
38, y �40�58) and Lys138 (f �66�58, y �40�48) and those
observed in molecule B (Glu136 f �1218, y +1318 ; Lys138 f
�798, y +1528) while the agreement with molecule A is much
better (Glu136 f �528, y �428 ; Lys138 f �688, y �398). Thus
the chemical shift data predict that the final residues of the
upper lip region adopt a helical conformation as seen in the
open conformation.

Analyses of interproton distances in molecules A and B in
the 1AM7 crystal structure predict that sequential HN–HN NOEs
should be seen for residues 137–146 in the upper lip region.
However, in the open conformation HN–HN distances of 2.6–
2.9 � are seen for all these residues in the crystal structure
while in the closed conformation longer distances of 4.6 � are
observed for residues 137–139. The HN–HN region of the 3D
NOESY-HSQC spectrum shows significantly weaker NOEs for
residues 138–140 than for residues 141–146 (Figure 4). This
suggests that the helical secondary structure present at the
N terminus of helix a6 of l lysozyme in solution is more fluctu-
ating in nature. The 3JHNHa coupling constants measured for
residues in this region (His137 6.1 Hz, Lys138 5.4 Hz, Ser141
5.9 Hz) are also consistent with fluctuating helical secondary
structure. Lower coupling constant values of less than 5 Hz,
usually considered to be indicative of persistent helical secon-
dary structure,[13] are only seen in helix a6 for residues 144–
148. Furthermore, data from H/D exchange studies[12] show
that there is protection from exchange for the amides protons
of residues 142–149 but not residues 138–141 in helix a6.

15N–1HN residual dipolar couplings

15N–1HN residual dipolar couplings (RDCs) were measured in
5 % C12E6/n-hexanol for 113 residues of l lysozyme.[14] The mo-
lecular alignment tensors for the A and B molecules in the
1AM7 X-ray structure were fitted to minimize the c2 between

Figure 4. Upper panel : Strips from a 3D 15N-edited NOESY-HSQC spectrum
showing sequential and longer-range Ha,HN NOEs observed for residues 53–
61 in l lysozyme. Lower panel : Strips showing strong (full circles) and weak
(dashed circles) sequential HN,HN NOEs observed for residues 138–146 in l ly-
sozyme.
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the experimental and calculated RDCs for a group of 97 back-
bone amides with {1H}15N NOE values of greater than 0.75. Six-
teen residues from the N and C termini and from the lower
and upper lip regions were excluded. Good agreement be-
tween the experimental and calculated RDC values is obtained
for both the A and B structures with Q values of 0.195 and
0.189, respectively (Figure 5). This indicates that both the A
and B structures are good models for the solution structure of
l lysozyme in the region of these 97 residues. The fitted align-
ment tensors were then used to calculate the RDCs expected
for all 113 backbone 1HN–15N for which experimental RDCs
were measured, including residues from the lower and upper
lip regions; Q values of 0.245 and 0.349 were obtained for the
A and B structures, respectively. The lower Q value for the A

structure indicates that this structure provides a better overall
model of the solution structure than the B structure. For the
B structure particularly large differences between the experi-
mental and calculated RDCs are found for residues 55, 56 and
59 of the lower lip and residues 129–131, 133 and 137 of the
upper lip; these residues are highlighted in Figure 5 B. For the
A structure much better agreement is obtained for 55, 59, 129,
130 and 137; however, significant deviations are observed for
131 and 133 (Figure 5 A).

Molecular dynamics simulations

Two simulations of l lysozyme have been run at 300 K starting
from molecule A (open form) and molecule B (closed form) in
the 1AM7 crystal structure.[4a] Figure 6 shows the root-mean-
square fluctuations (RMSF) of the backbone nitrogen atoms of
l lysozyme throughout the simulations. Low RMSF values are

seen for residues in the main regions of secondary structure,
reflecting the fact that overall the l lysozyme structure is very
stable in the GROMOS force field. However, elevated RMSF
values greater than 0.15 nm are seen for residues 1–3, 22–28,
53–61 and 129–138 in the simulation of molecule A, and for
residues 1–3, 23–24 and 53–59 in the simulation of molecule B.
The lower fluctuations seen for residues 129–138 in the simula-
tion of molecule B, compared to those seen for this region in
the simulation of molecule A, probably reflect the relatively
short length (10 ns) of the simulations analysed here. Residues
1–3 are at the protein N terminus and residues 22–28 are in
a loop between helix a1 and b-strand b1. Residues 53–61 and
129–138 are in the lower and upper lip regions, respectively,
whose conformation and orientation differ significantly be-
tween the open and closed forms. These two regions, which
show particularly high RMSF values in the simulation of mole-
cule A, also show low experimental 1H,15N order parameters
(Figure 2 C). Low order parameters are also seen for residues 3,
26 and 28 which show elevated RMSF values.

To understand the conformational changes involved in
giving the elevated RMSF values in the simulations the varia-
tions in secondary structure of the protein through the simula-
tions have been analysed (Figure 7). In general, the secondary

Figure 5. Comparison of experimental RDCs with RDCs calculated from
A) molecule A (open form) and B) molecule B (closed form). The 97 residues
used for the determination of the alignment tensor are shown as *. Resi-
dues from the N terminus (3–5), the lower lip (55, 56, 58–60), the loop be-
tween a2 and a3 (84, 85) and the upper lip (129–131, 133, 137, 138, 140),
which were excluded from the fitting of the alignment tensor due to low
heteronuclear NOE values, are shown as *, &, ~ and ^, respectively. In
panel A, where a good agreement is observed overall between the calculat-
ed and experimental RDC values, the effects of dynamics may be seen for
some residues with lower 1H,15N order parameters. For example, for Gly133
the experimental RDC value (9.8 Hz) is lower than that calculated from the
structure of molecule A (27.9 Hz), although the difference between the RDC
values is larger than would be expected from the order parameter (S2 0.82).

Figure 6. The root-mean-square fluctuations (RMSF) of the backbone nitro-
gen atoms in the simulations of molecules A (filled symbol and solid line)
and B (open symbol and dashed line). The secondary structure present in
the X-ray structure of molecule B is shown with filled black bars for a-helices
and open bars for b-strands. Grey bars indicate the positions of the upper
and lower lip region.

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2013, 14, 1780 – 1788 1784

CHEMBIOCHEM
FULL PAPERS www.chembiochem.org

www.chembiochem.org


structure in l lysozyme is very persistent in the simulations.
However, some fluctuations are seen in the lower and upper
lip regions, particularly in the simulation starting from mole-
cule A (Figure 7). In the lower lip region the X-ray structure of
molecule A contains b-strands b3 (residues 53–56) and b4 (resi-
dues 59–61) but these two b-strands are missing in molecule B.
In the simulation of molecule A the secondary structure in the
lower lip region fluctuates throughout the simulation with
some b-sheet interactions present. In particular the hydrogen
bonds 53 NH···61 CO, 61 NH···53 CO and 59 NH···56 CO have
populations of 45.1 %, 47.8 % and 10.3 %, respectively, through
the simulation. In the simulation of molecule B the lower lip
region mostly adopts unstructured bends. However, the hydro-
gen bond 59 NH···56 CO, which would correspond to a b-sheet
interaction between strands b3 and b4, has a population of
27.9 %.

During the simulations the overall position of the lower lip
region fluctuates. To characterise the dynamics of the lip re-
gions in more detail, we have monitored the changes in the

distances between residues in
the lip region and those in the
active-site cleft through the
simulations. Examples are
shown in Figure 8, which gives
the variations in the distance
from Lys58 Ca in the lower lip
region, and Tyr132 Ca in the
upper lip region, to Glu19 Ca in
the active-site cleft through the
two simulations. As shown in
the upper panel of Figure 8 the
distance between Lys58 Ca in
the lower lip region and Glu19
Ca in the active-site cleft varies
from 0.82 to 2.29 nm through
the simulations, with an overall
reduction in the distance being
observed through the simula-
tion of molecule A. In the simu-
lations, therefore, the lower lip
region is adopting a dynamic
ensemble of conformers, some
of which show the b-sheet in-
teractions seen for strands b3
and b4 in the X-ray structure of
molecule A. Such behaviour is
consistent with the NMR data,
where the chemical shift data
are indicative of b-sheet confor-
mations but no hydrogen-ex-
change protection is observed.
The significant fluctuations seen
in the lower lip region during
the simulations may play an im-
portant role in allowing the
substrate to readily access the
active-site cleft.

In the X-ray structure, helix a6 in molecule B comprises resi-
dues 139–149, whereas in molecule A it runs from residues
135–149 with the N-terminal region of the helix extending into
the upper lip region. Within the first nanosecond of the simula-
tion of molecule A this N-terminal region of helix a6 is lost.
However, analysis of the hydrogen bonds during the simula-
tion shows that although the helix is lost, some persistent heli-
cal turns remain for residues 135–139 (Figure 7). In particular,
the hydrogen bonds 138 NH···134 CO and 138 NH···135 CO
have populations of 58.6 % and 15.2 %, respectively, through
the simulation. These hydrogen bonds are not seen in the sim-
ulation starting from molecule B, but the helical hydrogen
bond 142 NH···138 CO does have a population of 59.9 %. As
shown in the lower panel of Figure 8 the distance between
Tyr132 Ca in the upper lip region and Glu19 Ca shows an initial
drop in the simulation of molecule A during the first nanosec-
ond when the N-terminal region of helix a6 is lost. After that
there are only small fluctuations in this distance through both
simulations. Indeed, after helix a6 is lost the conformation of

Figure 7. The secondary structure present through the simulations of molecule A (upper panel) and molecule B
(lower panel) of l lysozyme. The secondary structure is identified according to the DSSP algorithm[37] and is
shown with the following symbols: filled black circle a and 310 helix; open square box b-strand; x symbol turn.
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the upper lip is quite similar in both the simulations, its overall
orientation resembling that seen in molecule B in the X-ray
structure (Figure 1 B). However, in contrast to molecule B in the
X-ray structure, the upper lip region contains fluctuating helical
secondary structure at the N terminus of helix a6 in the simula-
tions. This is in agreement with the experimental chemical
shift, NOE and hydrogen exchange data.

Conclusions

Two different conformations for the upper and lower lip re-
gions of l lysozyme could be identified in X-ray structures.[4] In
the open form, the lower lip region contains two b-strands (b3
and b4) and the initial helical turn of helix a6 is present in the
upper lip region. In the closed form, these regions of secon-
dary structure are lost and the loop regions extend across the
active-site cleft. The experimental chemical shift,[9] RDC, 3JHNHa

and NOE data suggest that both the b-strands in the lower lip
and the initial helical region at the start of helix a6, seen in the
open form, are retained in solution. However, the 15N relaxation
and hydrogen exchange[12] data show that these regions dis-
play a significant degree of mobility in solution. This conclu-
sion is supported by the MD simulations, which show fluctuat-
ing b-sheet hydrogen bonds in the lower lip region and dy-
namic helical turns in the N-terminal region of helix a6 in the
upper lip region. Interestingly, in the 1AM7 crystal structure
there are hydrogen bonds between Pro57 and Lys58 in mole-
cule B and Asn6 in molecule C. Residues 57 and 58 are at the
start of b-strand b4 which is missing in molecule B. It may be
therefore that crystal contacts are helping to stabilise the con-
formation without the b-sheet hydrogen bonds in the lower
lip region in the closed conformation. No intermolecular hy-
drogen bonds are seen for residues 57 and 58 in molecules A
or C which are in the open form in the crystal structure.

On the basis of crystallographic data, combined with studies
in which His137 in l lysozyme was chemically modified or mu-
tated, Evrard et al. identified that both the open and closed
forms of l lysozyme may have a functional role.[15] They pro-
posed that the open form is required to allow the peptidogly-
can to access the active-site cleft while the closed form is
needed for enzyme activity. In particular, chemical modification
of His137 in the upper lip by N-carbethoxylation, which may
prevent l lysozyme from adopting the closed conformation,
was shown to make the enzyme inactive.[15] In agreement with
this, the structure of l lysozyme in complex with hexa-N-ace-
tylchitohexaose (PDB ID: 3D3D[4b]) has a close similarity to the
structure of molecule B (closed conformation) in the 1AM7
crystal structure. The data reported here show that in solution
the upper and lower lip regions adopt an ensemble of differ-
ent conformations, rather than just the open and closed forms.
The dynamic nature of the upper and lower lips should enable
entry of the substrate into the active site and this can then be
followed by population of the conformations within the en-
semble that give enzyme activity.

Experimental Section and Computational
Methods
15N NMR relaxation experiments: 15N-labelled l lysozyme was ex-
pressed and purified as described previously.[9] NMR relaxation
experiments were performed at a l lysozyme concentration of
~0.5 mm in 95 % H2O/5 % D2O at pH 5.45 and 20 8C on home-built
spectrometers equipped with triple-resonance probes with 1H op-
erating frequencies of 500.10 and 750.04 MHz. Pulse sequences for
the measurement of the longitudinal (T1) and transverse (T2) relaxa-
tion times and the {1H}15N heteronuclear NOE of the backbone
15N nuclei have been described previously.[16] T1 and T2 measure-
ments were performed using series of eleven experiments with re-
laxation delays ranging from 20 to 2000 ms, for T1, and from 8 to
355 ms, for T2. The Carr–Purcell–Meiboom–Gill delay (2tcp) for the
T2 experiments was 1 ms. A recycle delay of 2 s was used for all T1

and T2 experiments. The {1H}15N NOE experiments were recorded
with and without 1H saturation for 3 s at 500 MHz and 4 s at
750 MHz. The data sets were acquired using 100 and 128 complex
t1 increments with 15N sweep widths of 1515.15 and 2272.73 Hz at
15N frequencies of 50.68 and 76.01 MHz, respectively. 1K complex
data points were recorded in the F2 dimension with sweep widths
of 7142.86 and 10 526.32 Hz at 500 and 750 MHz, respectively.
24 scans were collected per t1 increment for T1 and T2 measure-
ments at 500 MHz and 16 scans at 750 MHz. 112 and 160 scans
were collected for the {1H}15N NOE experiments at 500 and
750 MHz, respectively.

15N relaxation data were collected for 128 of the 158 residues of
l lysozyme. Data for the remaining residues could not be mea-
sured due to weak or overlapping peaks. T1 and T2 were fitted as
single-exponential decays to the peak intensities determined as
a function of the eleven delay times. The {1H}15N NOE was calculat-
ed as the ratio of the peak intensities in the spectra recorded with
and without 1H saturation. Peak heights were determined using in-
house peak-picking software. Uncertainties in the T1, T2 and {1H}15N
NOE values were estimated from 500 Monte Carlo simulations
using the baseline noise as a measure of the error in the peak
heights. The 15N T1, T2 and {1H}15N NOE values at 500 and 750 MHz
have been deposited in the BMRB with accession number 19127.

Figure 8. Variations in the distance between the Ca atoms of Lys58 in the
lower lip and Glu19 in the active site cleft (upper panel) and between the
Ca atoms of Tyr132 in the upper lip and Glu19 in the active site cleft (lower
panel) through the simulations of l lysozyme. The data for the simulation
starting from molecule A is shown in a solid line and the data for the simu-
lation starting from molecule B is shown in a dotted line.
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The relaxation data for l lysozyme were analysed with an axially
symmetric rotational diffusion tensor.[17] This tensor was deter-
mined by comparison of experimental T1/T2 ratios with those calcu-
lated using the Lipari–Szabo formalism[8] with spectral density func-
tions appropriate for axially symmetric rotational diffusion.[18] The
magnitudes (Dk , D? ) and orientation (q, f) of the principle compo-
nents of the rotational diffusion tensor were searched to optimize
the agreement between experimental and calculated T1/T2 ratios
using the 1AM7 X-ray structure.[4a] Calculations of the T1/T2 ratio
were carried out with a fixed S2 value of 0.9, an N�H bond length
of 1.02 � and a 15N chemical shift anisotropy, (sk�s? ), of
�170 ppm. The principal component of the 15N chemical shift
tensor was assumed to lie in the peptide plane and to form an
angle of 198 with the N�H bond vector.[19] Residues for which the
T1/T2 ratios are affected by fast or slow molecular motions were ex-
cluded from this analysis. The diffusion tensor used in the model-
free analysis described below was determined using T1/T2 ratios for
85 residues. Analysis of the T1/T2 ratios at 500 and 750 MHz result-
ed in slightly different overall rotational correlation times, tR = 1/
2(Dk+2D?), of 10.8 and 11.3 ns, respectively. These differences are
likely to have arisen due to slightly different sample temperature
in the two spectrometers. In order to correct for this, a scaling
factor for each field was used in the simultaneous fitting of the dif-
fusion tensor to the T1/T2 data collected at the two fields; a final
value of 1.278 was obtained for the Dk/D? ratio.

Relaxation data were analysed using in-house software; this incor-
porates the model-free formalism of Lipari and Szabo,[8] using spec-
tral density functions appropriate for axially symmetric rotational
diffusion[18] and non-colinearity of the N�H bond vector and the
principal component of the 15N chemical shift tensor,[19a] with
model selection and Monte Carlo error estimation as described by
Mandel et al.[20] The relaxation data were fitted using six models: S2

only (model 1), S2 and Rex (model 2), S2 and te (model 3), S2, Rex, and
te (model 4), the extended model of Clore et al.[21] with S2

f, S2
s and

ts (model 5), and the extended model with S2
f, S2

s, ts and Rex

(model 6). S2 is the generalized order parameter, Rex is the chemical
exchange contribution to T2, and te is the effective correlation time
for internal motion on a fast timescale. S2

f, S2
s and ts, used in

models 5 and 6, are the order parameters for faster and slower
timescale motions and the effective correlation time for slow inter-
nal motion, respectively; tf, the internal correlation time for fast
motion in the extended model, was assumed to be sufficiently
small and, therefore, not to contribute significantly to the relaxa-
tion parameters.[21] In models 2, 4 and 6, a single Rex term was used
to fit the two T2 values for each residue and this Rex term was
scaled with the square of the field strength.[22] Factors were intro-
duced in the spectral density functions to scale the values of Dk
and D? to take into account the small deviations between data
sets recorded at 500 and 750 MHz due to temperature variation.
For each model, best fits for S2, and other relevant parameters (Rex,
te, S2

f, S2
s, and ts) were determined by minimizing the c2 parameter

using a downhill simplex algorithm.[23] The error in these parame-
ters was estimated from 500 Monte Carlo simulations (as one stan-
dard deviation from the mean value). The statistical significance of
an improvement in c2 when a model with additional parameters is
used was assessed with an F-statistic. A more complex model was
considered to be statistically significant if a p-value of less than 0.2
was obtained from the F-statistic.[20]

Measurement of chemical shift, coupling constant and NOE
data: Backbone 1H, 13C and 15N assignments for l lysozyme have
been published.[9] 3JHNHa coupling constants were measured using
a 2D HMQC-J[24] dataset collected at 750 MHz. The sweep widths

were 10 526.32 and 2272.73 Hz in F2 and F1, and 1024 and 375
complex points were collected in t2 and t1, respectively. After zero-
filling the digital resolution in F1 (15N) was 0.55 Hz/pt. The coupling
constants were extracted from F1 columns using an in-house fitting
program; the 3JHNHa values have been deposited in the BMRB with
accession number 19127. 1H–1H NOEs were obtained from a 3D
15N-edited NOESY-HSQC spectrum collected at 750 MHz with
a mixing time of 150 ms.[9]

Residual dipolar couplings: Liquid crystals from n-alkyl-poly(ethy-
lene glycols) and n-alkyl alcohols were prepared as described by
R�ckert and Otting.[14] To prepare a stock solution, n-hexanol
(18 mL) was added to a 15 % C12E6 solution (500 mL). The sample
tube was shaken. When the two compounds had mixed sufficiently
the solution was inspected for a bluish tinge indicative of the for-
mation of the liquid-crystalline phase.

The isotropic data were collected first by using a sample of l lyso-
zyme (275 mL) at pH 5.45 and 20 8C using a Shigemi microcell. Fol-
lowing the isotropic measurement, the l lysozyme solution
(190 mL) was combined with the 15 % C12E6/n-hexanol stock solu-
tion (95 mL) resulting in a final C12E6/n-hexanol concentration of
5 %. The sample tube was shaken and again inspected for the
bluish tinge; a further 0.5 mL of n-hexanol was added to achieve
this.

NMR experiments were performed on a home-built NMR spectrom-
eter operating at a 1H frequency of 750 MHz. 15N–1HN RDCs were
measured at 20 8C using the in-phase/antiphase (IPAP) HSQC ex-
periment.[25] 128 and 1024 complex points and sweep widths of
2500.0 and 10 526.32 Hz were collected in F1 (15N) and F2 (1H), re-
spectively. The data were processed using NMRPipe[26] and zero-
filled to give final digital resolutions of 1.2 Hz/pt and 5.1 Hz/pt in
F1 and F2, respectively. Residual dipolar couplings were measured
as the difference between the splitting observed in the isotropic
and aligned data sets; these RDCs have been deposited in the
BMRB with accession number 19127.

The principle components (Axx, Ayy and Azz) and orientation (f, q

and y) of the molecular alignment tensor for the A and B mole-
cules in the 1AM7 X-ray structure were fitted to minimize the c2

value between the experimental and calculated RDCs for a group
of 97 backbone amides. Residues with {1H}15N heteronuclear NOE
values of less than 0.75 were excluded from the fitting procedure.
The fitted values of the principle components and orientation of
the alignment tensor were then used to calculate the RDCs expect-
ed for all 113 backbone 1HN–15N for which experimental RDCs were
measured. The quality of the fits were assessed with Q, the quality
factor, defined as Q = rms(RDCexpt�RDCcalc)/rms(RDCexpt).

[27]

Analysis of the crystal structures: 1H, 13C, and 15N chemical shifts
for l lysozyme were predicted using the SHIFTX2[10] program for
molecules A and B in the 1AM7 crystal structure[4a] (aza-tryptophan
residues in the crystal structure were converted to tryptophan for
the prediction). TALOS+[11] was used to predict the f, y torsion
angle values from the experimental chemical shift data.[9] 3JHNHa

coupling constant values were predicted from the f torsion angles
in molecules A and B in the 1AM7 crystal structure[4a] using the Kar-
plus equation coefficients of Pardi et al.[28]

Crystal contacts between the different molecules within the 1AM7
crystal structure were analysed using the protein interfaces, surfa-
ces and assemblies (PISA) service at the European Bioinformatics
Institute (http://www.ebi.ac.uk/pdbe/prot_int/pistart.html).[29]

Molecular dynamics simulations: Simulations of l lysozyme were
performed using the GROMOS biomolecular simulation software[30]
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and the 45A3 GROMOS force field.[31] Initial coordinates of the pro-
tein were taken from the crystal structure of l lysozyme with PDB
ID: 1AM7 using molecules A and B.[4a] All the Trp residues in l lyso-
zyme had been replaced by aza-tryptophan in the experimental
structure determination. These aza-tryptophans were converted to
Trp residues for the simulations. All the Asp and Glu side chains in
the protein were unprotonated and the three His side chains were
singly protonated in the simulation. The protein was solvated in
a truncated octahedral box containing 5063 (simulation of mole-
cule A) and 5064 (simulation of molecule B) simple point charge
(SPC) water molecules.[32]

The simulations were performed at a temperature of 300 K, follow-
ing initial runs with the solute atoms restrained to their positions
in the X-ray structure of 2 ps at 100 K and 2 ps at 200 K. Two 10 ns
simulations were performed, one starting from molecule A and the
other from molecule B. All the simulations were performed at con-
stant pressure (1 atm), the temperature and pressure being main-
tained by weak coupling to an external bath[33] (temperature cou-
pling relaxation time 0.1 ps; pressure coupling relaxation time
0.5 ps; isothermal compressibility kT 4.575 � 10�4(kJ mol�1 nm�3)�1).
Throughout the simulations bond lengths were constrained to
ideal values using the SHAKE procedure with a geometric accuracy
of 10�4.[34] Nonbonded interactions were treated using a twin
range method.[35] Within a short-range cutoff of 0.8 nm all interac-
tions were determined at every step. Longer range (electrostatic
and van der Waals) interactions within a cutoff range of 1.4 nm
were updated at the same time as the pair list was generated
(every 10 fs). A reaction field was applied (e 61.0[36]) beyond
a cutoff of 1.4 nm. A time step of 2 fs was used, analysis being per-
formed using trajectory coordinates and energies written to disk
every 0.1 ps.

Regions of secondary structure within the simulation conformers
were identified using the program DSSP.[37] Hydrogen bonds are
defined geometrically: a hydrogen bond is assumed to exist if the
hydrogen-acceptor distance is smaller than 0.25 nm and the
donor-hydrogen–acceptor angle is larger than 1358.[30a]
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