
A refined solution structure of hen lysozyme
determined using residual dipolar coupling data

HARALD SCHWALBE,1,3, SHAUN B. GRIMSHAW,1 ANDREW SPENCER,2

MATTHIAS BUCK1,4, JONATHAN BOYD,1 CHRISTOPHER M. DOBSON,1

CHRISTINA REDFIELD,1 AND LORNA J. SMITH1

1Oxford Centre for Molecular Sciences, New Chemistry Laboratory, University of Oxford, Oxford OX1 3QT,
England
2Agricultural and Food Research Council, Institute of Food Research, Norwich NR4 7UA, England

(RECEIVED October 10, 2000; FINAL REVISION January 2, 2001; ACCEPTED January 2, 2001)

Abstract

A high resolution NMR structure of hen lysozyme has been determined using 209 residual 1H–15N dipolar
coupling restraints from measurements made in two different dilute liquid crystalline phases (bicelles) in
conjunction with a data set of 1632 NOE distance restraints, 110 torsion angle restraints, and 60 hydrogen
bond restraints. The ensemble of 50 low-energy calculated structures has an average backbone RMSD of
0.50±0.13Å to the mean structure and of 1.49±0.10Å to the crystal structure of hen lysozyme. To assess the
importance of the dipolar coupling data in the structure determination, the final structures are compared with
an ensemble calculated using an identical protocol but excluding the dipolar coupling restraints. The
comparison shows that structures calculated with the dipolar coupling data are more similar to the crystal
structure than those calculated without, and have better stereochemical quality. The structures also show
improved quality factors when compared with additional dipolar coupling data that were not included in the
structure calculations, with orientation-dependent 15N chemical shift changes measured in the bicelle so-
lutions, and with T1/T2 values obtained from 15N relaxation measurements. Analysis of the ensemble of
NMR structures and comparisons with crystal structures, 15N relaxation data, and molecular dynamics
simulations of hen lysozyme provides a detailed description of the solution structure of this protein and
insights into its dynamical behavior.

Keywords: Bicelles; biomolecular NMR; lysozyme; protein structure; Q factor; residual dipolar couplings;
simulated annealing

Hen lysozyme is one of the most studied and best charac-
terized globular proteins. It was the first enzyme to have its
structure determined by X-ray diffraction (Blake et al.
1965), and since then hen lysozyme has been used exten-
sively as a system in which to understand the underlying
principles of protein structure, function, dynamics, and fold-
ing through studies of both an experimental and theoretical
nature (Jollès and Jollès 1984; Johnson et al. 1988; Dobson
et al. 1994; Buck et al. 1995; Smith et al. 1995; Krebs et al.
2000). Hen lysozyme gives good quality NMR spectra
(Redfield and Dobson 1988), but until now it has not been
possible to obtain a high resolution structure of the protein
in solution by NMR techniques. Such a structure is, how-
ever, important. When combined with insight from experi-
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ment and theory, it provides a basis for understanding in
detail the properties of the protein that depend on its dy-
namical behavior in solution.

The previously experienced challenges with determining
an NMR structure of lysozyme at high resolution reflect to
a large extent the characteristics of the lysozyme structure,
which has two structural domains: the �-domain (residues
1–35, 85–129; four �-helices and a short 310-helix) and the
�-domain (residues 36–84; a triple-stranded antiparallel
�-sheet, a long loop, and a 310-helix). The �-domain con-
tains a core of hydrophobic side-chains that are packed
closely together (the hydrophobic box); the structure of this
domain is relatively well defined in an ensemble of struc-
tures of lysozyme calculated using NMR data from homo-
nuclear studies reported previously (Smith et al. 1993; mean
C� RMSD for the �-domain of 1.2±0.2 Å with respect to
the average structure). In contrast, in the �-domain of the
protein there is no similar hydrophobic core; instead, hy-
drogen bonds and a number of small hydrophobic clusters
appear to be responsible for defining the tertiary fold, and
there is also a long exposed loop region. Few long-range
NOEs could be identified in the 1H spectra for residues in
the �-domain of lysozyme; excluding those that define
�-strands or bridges, only 68 long-range NOEs (i,i+5 or
greater) for residues in the �-domain were available for the
structure determination. This presumably reflects the ab-
sence of a large hydrophobic core. Consequently, in the
initial NMR structures, each of the different regions of the
�-domain are well defined locally but their relative orien-
tations are not (Smith et al. 1993; mean C� RMSD of
2.2±0.4 Å for the �-domain with respect to the average
structure).

The problem of defining the structure of the �-domain in
the initial NMR structures is indicated clearly in Figure 1a,
in which backbone RMSD values of greater than 3Å from
the mean structure can be seen for residues in the regions
Asn 46-Gly 49, Arg 68-Pro 70 and Ser 81-Leu 83. Experi-
mental 15N relaxation measurements for hen lysozyme
(Buck et al. 1995) show that the main-chain amide groups of
most residues in the protein undergo only small amplitude
librational motions on a fast timescale with order param-
eters greater than 0.8 (calculated using a N-H bond length of
1.02Å; Case [1999] has shown that with this bond length the
maximum order parameter for a model peptide at very low
temperature would be 0.86). Four of the residues in the three
regions of greatest disorder in the NMR ensemble have
slightly lower order parameters in the range 0.7 to 0.8 (Thr
47, Asp 48, Arg 68, Thr 69). However, the extent of disor-
der observed in the NMR structures for these regions is
much larger than would be expected on the basis of their
mobility within native lysozyme. Moreover, the residues
Ser 81-Leu 83 are in a 310-helix in the X-ray structure of the
protein but are not well defined in the initial NMR structure
because of a lack of restraints (Smith et al. 1993).

There has been much interest in the use of dipolar cou-
pling data in NMR protein structure determinations (Tjan-
dra and Bax 1997; Clore and Gronenborn 1998; Prestegard
1998). These data establish the orientation of internuclear
vectors with respect to an alignment tensor axis frame in the
molecule and so complement the short-range NOE and tor-
sion angle restraints. Significant improvements to the accu-
racy of NMR structures on inclusion of dipolar coupling
restraints have been reported for a number of systems, in-
cluding ubiquitin (Bax and Tjandra 1997), a complex of the
transcription factor GATA-1 with DNA (Tjandra et al.
1997), GAIP (de Alba et al. 1999), S4�41 (Markus et al.
1999), and a complex of DNA with three zinc fingers (Tsui
et al. 2000). In this paper we describe use of such data for
hen lysozyme and show that this results in a substantially
improved structure.

Results and Discussion

Experimental restraints and structure calculations
1H and 15N chemical shift assignments for native hen lyso-
zyme have been reported previously (Redfield and Dobson

Fig. 1. Comparison of (a) the average backbone RMSD values (in Å) from
the mean structure and (b) the backbone RMSD values (in Å) between the
mean structure and the X-ray structure (pdb code 193L) for the refined
structures of hen lysozyme reported here and for those reported previously
(Smith et al. 1993). In each case, the RMSD values are shown as a function
of residue number, (filled circles) the ensemble of 50 refined structures in
set 1 reported here, (open circles) the set of 16 structures reported previ-
ously (Smith et al. 1993). (c) shows the temperature factors (in Å2) of
main-chain N atoms in the X-ray structure of Vaney et al. (1996) with pdb
code 193L.
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1988; Buck et al. 1995). 13C resonance assignments were
made using HNCA, HNCO, HCCH-TOCSY, and (H)CCH-
TOCSY spectra (Fesik et al. 1990; Kay et al. 1993; Sattler
et al. 1995) recorded using a double-labeled (13C,15N) ly-
sozyme sample (Fig. 2). These assignments have been de-
posited in BioMagRes Bank (BMRB accession number
4831). NOEs were identified in 15N NOESY-HMQC and
13C NOESY-HMQC spectra (Driscoll et al. 1990; Ikura et
al. 1990). The lysozyme NMR structures of Smith et al.
(1993) were used to solve any ambiguities in the NOE as-
signments resulting from chemical shift degeneracy. NOE
intensities were estimated by measuring peak heights and
were used to assign interproton distance ranges to the NOE
restraints as described in the Materials and Methods section.
The final NOE data set consists of 1632 restraints (Table 1),
1096 of these coming from the previous homonuclear NMR
studies (Smith et al. 1993).

3J(HN,H�) and 3J(H�,H�) coupling constant data mea-
sured using homonuclear NMR methods for hen lysozyme
have been reported (Smith et al. 1991; Bartik and Redfield
1993). Additional coupling constant values that could not be

obtained previously because of low signal intensity or reso-
nance overlap were determined using an HMQCJ experi-
ment (Kay and Bax 1990) on a 15N-labeled lysozyme
sample for 3J(HN,H�) coupling constants and a soft HCCH-
E.COSY experiment (Eggenberger et al. 1992) for
3J(H�,H�) side-chain coupling constants. 3J(H�,C�) cou-
pling constants were also measured for 45 residues in hen
lysozyme using a soft HCCH-COSY experiment (Eggen-
berger et al. 1992). The coupling constants were converted
into dihedral angle restraints as described in the Materials
and Methods section, 51 � and 59 �1 torsion angle restraints
being obtained.

1H-15N residual dipolar couplings were measured for ly-
sozyme in two different bicelle solutions, one containing
5% DMPC:DHPC (2.9:1.0) and the other 7.5% DMPC:
DHPC:CTAB (2.9: 1.0: 0.1). Details of sample preparation
are given in the Materials and Methods section. Residual
dipolar couplings were measured for 107 residues in the 5%
DMPC:DHPC bicelles and for 102 residues in the 7.5%
DMPC:DHPC:CTAB bicelles. Measurements were not pos-
sible for 19 and 24 residues in the 5% and 7.5% bicelle
solutions, respectively, either as a result of peak overlap or
the absence of peaks at pH 6.5 resulting from exchange with
the solvent.

A region of the NMR spectra acquired at 34.5°C for
an isotropic solution, and for bicelle solutions with 5%
DMPC:DHPC and 7.5% DMPC:DHPC:CTAB, is shown in
Figure 3. It is interesting to note from these spectra, and
from the histograms shown in Figure 4, that the spread of
the residual dipolar couplings measured in 5% DMPC:
DHPC is larger than that measured in 7.5% DMPC:
DHPC:CTAB. An increase in bicelle concentration from

Fig. 2. H�-C� region of the 600 MHz 1H-13C HSQC spectrum of hen
lysozyme at pH 3.8 and 35°C.

Table 1. Summary of experimental data used in the
structure calculations

Number of
restraints

NOE distance restraintsa

Total 1632
Intraresidue 560
Sequential 440
Short range (l < | i − j| <5) 279
Long range ( | i − j| �5) 353

Hydrogen bond restraints 60
Dihedral angle restraints � 51

�1 59
Residual dipolar coupling restraints

5% DMPC:DHPC (2.9:1.0) 107
7.5% DMPC:DHPC:CTAB (2.9:1.0:0.1) 102

a On the basis of the heteronuclear NMR data 45 of the homonuclear
NOE’s used in the structure calculations reported in 1993 were discarded;
another 17 of the homonuclear NOE’s were not included in the structure
calculations either because they did not provide structurally significant
restraints or because they were replaced by restraints involving stereospe-
cifically assigned � protons.

Solution structure of hen lysozyme
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5% to 7.5% should lead to a 50% increase in the magnitude
of dipolar couplings if the alignment arises from only steric
factors (Bax and Tjandra 1997; Zweckstetter and Bax
2000). The observed decrease in dipolar couplings shows
the influence of electrostatic effects on the partial alignment
of proteins in bicelle solutions. The results for the 5%
DMPC:DHPC solution are consistent with the observation
of Losonczi and Prestegard (1998); these authors suggest
that the DMPC:DHPC bicelles are not neutral but have a
slight negative charge arising from some hydrolysis of the
DMPC. Lysozyme is a positively charged protein at pH 6.5
and, therefore, an electrostatic attraction between lysozyme
and the bicelle surface will contribute to the orientation of
the protein and lead to larger than expected dipolar cou-
plings. The addition of positively charged cetyltrimethyl-
ammonium bromide (CTAB) to the bicelles will remove the
electrostatic attraction and lead to alignment based on steric
factors alone (Zweckstetter and Bax 2000). It is clear from
an inspection of Figure 3 that the orientation of the align-
ment tensor in the two bicelle solutions differs. The mea-
sured residual dipolar coupling for Arg 125 has a different
sign in the two solutions. For Ala 82 a coupling of −0.5 Hz
is observed in the 5% bicelles and a value of 10.3 Hz in the
less strongly aligned 7.5% CTAB containing bicelles. The
use of two sets of dipolar couplings, with different align-
ment tensors, in structure refinement is useful for resolving
ambiguities that can arise if only a single set of data is used
(Ramirez and Bax 1998). In the structure calculations de-
scribed below, the orientation of the principle component of

the alignment tensors for the two bicelle solutions are found
to differ by 9.2±0.3°.

The refinement of a protein structure using additional
residual dipolar coupling restraints and the program
XPLOR requires that information about the alignment ten-
sor be specified. Clore et al. (1998a) have shown that the
axial and rhombic components of the alignment tensor (Da

and Dr) can be estimated from the high and low extreme
values and from the most populated value in a histogram
showing the distribution of residual dipolar couplings. The
distributions of residual dipolar couplings measured for the
5% DMPC:DHPC and 7.5% DMPC:DHPC:CTAB bicelles
are plotted in Figure 4. In both cases it is difficult to deter-
mine the most populated value of the dipolar coupling from
the histograms and, therefore, the estimates of Da and R
(R � Dr/Da) have been determined from the high and low
extreme values only; for the 5% DMPC:DHPC solution
Da � 15.1 and R � 0.34, whereas for the 7.5% DMPC:
DHPC:CTAB solution Da � 12.2 and R � 0.16. The larger
rhombicity (R) for 5% DMPC:DHPC bicelles is consistent
with a larger electrostatic contribution to the orientation of
the protein (Sass et al. 1999). The values of Da and R were
further refined using the procedure of Clore et al. (1998b) as
described in Materials and Methods.

Using the NOE, hydrogen bond, and torsion angle re-
straints for hen lysozyme summarized in Table 1, a set of
structures for hen lysozyme was calculated with an ex-
tended simulated annealing protocol (Nilges et al. 1988;
Wiles et al. 1997), and the 15 lowest energy structures were

Fig. 3. Part of the 750 MHz spectrum of hen lysozyme obtained in (a) isotropic solution, (b) 5% DMPC:DHPC (2.9:1.0) bicelles, and
(c) 7.5% DMPC:DHPC:CTAB (2.9:1.0:0.1) bicelles. The numbers shown are the measured splittings and, in brackets, the residual
dipolar couplings.
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selected. From each of these structures, 20 conformers were
calculated using the 209 restraints from the residual dipolar
coupling data using the protocol described in the Materials
and Methods section. The 50 lowest energy structures from
these calculations were then analyzed (structure set 1). The
structural statistics for the final ensemble of structures are
given in Table 2. The ensemble of structures and the input
NMR restraints have been deposited in the Brookhaven Pro-
tein Databank (code 1E8L).

Characteristics of the NMR structure of hen lysozyme
in solution

The mean structure calculated from the ensemble of NMR
structures for hen lysozyme is shown in Figure 5A. The
quality of the structure is very significantly improved com-
pared with the structure reported previously (mean back-

bone RMSD to the average structure is 0.50±0.13Å com-
pared with 1.71±0.25Å for the 1993 structures). The RMSD
of the NMR structures to the crystal structure of hen lyso-
zyme of Vaney et al. (1996; structure of the tetragonal form
at 1.33Å with pdb code 193L; referred to here as the X-ray
structure) is also reduced (mean backbone RMSD is
1.49±0.10Å compared with 2.33±0.33Å for the 1993 struc-
tures). There is also a substantial improvement in the ste-
reochemical quality; an analysis using PROCHECK
(Laskowski et al. 1993) showed that 74.2% of the �,� tor-
sion angles of residues in the protein lie in the most favored
regions of the Ramachandran plot (compared with 54.5%
for the 1993 structures).

Regions of secondary structure in the NMR structures
have been identified according to the criteria of Kabsch and
Sander (1983). In agreement with the X-ray structure, three
long �-helices are present in all members of the family of
NMR structures (A helix: Cys 6-His 15; B helix: Leu 25-Ser
36; C helix: Thr 89-Ser 100). The fourth �-helix (D) in the
X-ray structure is present in 41 of the 50 NMR structures,
although it is slightly reduced in length (Trp 111-Arg 114
compared with Val 109-Arg 114 in the X-ray structure); a
series of turns is formed for this sequence in the other nine
NMR structures. A �-bridge involving Val 2 and Asn 39 is
present in all of the NMR structures (also in the X-ray
structure), but only the first two strands of the triple
stranded antiparallel �-sheet present in the X-ray structure
are defined in the NMR structures (Thr 43-Arg 45 and Thr
51-Tyr 53; in 14 of the structures the length of these strands
is reduced). This irregularity in the �-sheet may result from
slight variations in the relative positions of NH and CO
groups because of the inclusion of the dipolar coupling re-
straints in the structure calculations, which we discuss in the
next section. Helices are also identified in the NMR struc-
tures for Ser 81-Leu 83/84 (310-helix in 30 structures, an
�-helix in 16 structures and turns in four structures in the
NMR ensemble) and Val 120-Trp 123 (�-helix in 33 struc-
tures and turns in 17 structures); no hydrogen bond re-
straints were included for these residues in the structure
calculations, but both these regions form short 310-helices in
the X-ray structure. Interestingly, recent MD simulations of
native hen lysozyme in solution and crystal environments
show in both of these regions higher populations of CO(i)-
NH(i+4) �-helical hydrogen bonds than the CO(i)-
NH(i+3) hydrogen bonds expected for a 310-helix (Stocker
et al. 2000). This behavior, and the results from the NMR
structure calculations, may reflect the similarity in the en-
ergy of �- and 310-helices for these residues in hen lyso-
zyme.

Figure 1a shows the backbone RMSD relative to the
mean structure for each residue in the protein. Some disor-
der in the family of structures remains in four regions of the
sequence, involving particularly Gly 22, Thr 47 and Asp 48,
Arg 68 to Gly 71, and Gly 102 (backbone RMSD to the

Fig. 4. Histograms showing the distribution of residual dipolar couplings
measured for lysozyme in (a) 5% DMPC:DHPC and (b) 7.5% DMPC:
DHPC:CTAB.

Solution structure of hen lysozyme
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mean structure greater than 0.9Å for these residues). All
these regions include residues that have a significant solvent
accessibility for the polypeptide backbone (main-chain ac-
cessibility >70% for Gly 22, Thr 47, Gly 71, Gly 102).
Although experimental 15N relaxation measurements for the
main-chain amide groups of hen lysozyme (Buck et al.
1995) show that most residues have order parameter values
greater than 0.8, order parameters in the range 0.7 to 0.8 are
seen for Arg 45, Thr 47, Asp 48, Arg 68, Thr 69, Gly 71, Ser
72, Cys 115, Thr 118, Cys 127, Arg 128, and Leu 129. In
addition, Ser 85, Gly 102, Asn 103, and Gly 104 have order
parameters less than 0.7. Thus six of the eight residues with
significant disorder in the NMR ensemble have backbone
order parameters less than 0.8. Furthermore, an elevated
T1/T2 ratio of 4.18 for Gly 22 (the mean ratio for hen ly-
sozyme is 3.32±0.13) indicates that there are motions on the
microsecond to millisecond timescale for this residue (Buck
et al. 1995). Therefore, these data suggest that at least some
of the disorder in the NMR ensemble reflects the presence
of internal motions in the protein in solution rather than
merely a lack of NMR restraints.

A comparison of the backbone RMSD for the average
coordinates of the set of NMR structures from the X-ray
structure of lysozyme is shown in Figure 1b. Deviations are
seen for the four regions that have some disorder in the
family of NMR structures. Interestingly, residues in three of
these regions also have the highest main-chain crystallo-
graphic temperature factors (excluding the C terminus) in
the X-ray structure (Fig. 1c). Temperature factors greater
than 20 Å2 are seen for the amide N atoms of Thr 47, Asp

48, Pro 70-Arg 73, and Asp 101-Asn 103 (also Arg 125-Leu
129). Furthermore, comparisons of 33 crystal structures of
hen lysozyme show variations between the structures in the
main-chain conformation for Pro 70-Ser 72 and reveal that
the orientation of the turn between the first two strands of
the �-sheet (particularly Thr 47-Gly 49) may be affected by
crystal contacts (C. Redfield, unpubl.). The fact that there
are some differences between the solution and crystal struc-
tures of the protein in these regions is consistent with this
observation. Gly 22 is incorporated in a �-bridge motif in
the X-ray structure, involving Tyr 20 and Tyr 23, and does
not have elevated main-chain B factors. This �-bridge is
also present in 13 of the 50 NMR structures; these structures
show much lower backbone RMSD values to the X-ray
structure for Gly 22 (∼1.2Å) than does the mean NMR
structure (2.7Å). The ensemble of NMR conformers there-
fore includes the turn orientation found in the X-ray struc-
ture, along with a variety of other orientations. This is con-
sistent with the evidence from 15N relaxation studies for
motions involving Gly 22 on a microsecond to millisecond
timescale in solution.

A significant deviation between the average NMR struc-
ture and the X-ray structure is also seen for Lys 116-Thr
118, a region that is not found to be disordered in the en-
semble of NMR structures. Gly 117 has, however, the high-
est main-chain solvent accessibility (97%) of any residue in
the protein, and there are no long range NOEs (i,i +5 or
greater) identified for these residues. Consequently, the
NMR data set may not be sufficient to define the correct
conformation of the protein in this region; despite this lack

Table 2. Structural statistics for the calculated ensembles of 50 low-energy structures

With dipolar couplings
(Structure set 1)

Without dipolar couplings
(Structure set 2)

RMS deviations from ideal covalent geometry
Bonds (Å) 0.00333 ± 0.00007 0.00252 ± 0.000021
Angles (deg.) 0.492 ± 0.0069 0.347 ± 0.0018
Impropers (deg.) 0.384 ± 0.0079 0.247 ± 0.0037

RMS deviations from experimental restraintsa

NOE (Å) 0.0439 ± 0.0009 0.0350 ± 0.00025
Dihedrals (deg.) 0.655 ± 0.045 0.412 ± 0.0227
Dipolar (Hz) 1.159 ± 0.042

Structural quality and coordinate precision
Backbone RMSD to mean (Å) residues 1–129 0.50 ± 0.13 0.60 ± 0.14
Backbone RMSD to X-ray (Å) residues 1–129 1.49 ± 0.10 1.69 ± 0.12
Backbone RMSD to mean (Å) for the

117 well defined residuesb 0.43 ± 0.10 0.42 ± 0.07
Backbone RMSD to X-ray (Å) for the

117 well defined residuesb 1.32 ± 0.08 1.50 ± 0.08
Percentage of residues in the most

favoured regions of the Ramachandran plotc 74.2 ± 2.0 65.9 ± 2.6

a For each of the structures in set 1, there are 0 or 1 NOE violations >0.5 Å, 0 or 1 dihedral violations >5°, and 3–8 dipolar
violations >3 Hz. None of the structures in set 2 have NOE or dihedral violations >0.5 Å or 5°, respectively.
b The residues excluded are those where for the ensemble of NMR structures in set 1 there is a backbone RMSD to the mean
structure >0.8 Å (residues 22, 46–48, 68–71, 102, 128–129) or where the RMSD between the mean NMR structure from
set 1 and the X-ray structure is >3 Å (residue 117).
c Calculated using the program PROCHECK (Laskowski et al. 1993).
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of NOEs, the absence of significant disorder within the
NMR ensemble probably reflects the close proximity of
these residues to the restraints provided by the Cys 30-
Cys115 disulphide bridge. It is interesting in this respect,
however, that MD simulations of native hen lysozyme
showed a significant rearrangement of residues Cys 115-
Asp 119 during 2ns simulations in solution and crystal en-
vironments (Stocker et al. 2000). In addition, analysis of
15N T1/T2 ratios using an anisotropic rotational diffusion
model shows poor agreement with T1/T2 values predicted
from the X-ray structure for Thr 118 (C. Redfield, unpubl.).

Assessing the importance of the dipolar coupling
restraints in the NMR structure determination

As described in the previous section, the quality of the NMR
structure of hen lysozyme reported here is significantly im-
proved compared with the structure reported in 1993. This
difference reflects the enlarged data set of NOE and dihe-
dral angle restraints, improvements to the force field used in
the structure calculations, and the inclusion of the dipolar
coupling data. To identify separately the effects that result
from adding the dipolar couplings, the final ensemble of
structures of hen lysozyme (structure set 1) has been com-
pared with an ensemble of 50 low-energy structures calcu-
lated using the same refinement protocol but excluding the
residual dipolar coupling data (structure set 2).

The inclusion of the dipolar coupling data gives an over-
all increased precision in the definition of the structure (av-
erage backbone RMSD to mean 0.50±0.13 Å for set 1 com-
pared with 0.60±0.14 Å for set 2) and a closer similarity to
the X-ray structure (average backbone RMSD to X-ray

structure 1.49±0.10 Å for set 1 compared with 1.69±0.12 Å
for set 2). The addition of the dipolar coupling data also
results in structures with improved stereochemical quality
(for structures in set 1, 74.2±2.0% of the �,� torsion angles
lie in the most favored region of the Ramachandran plot
compared with 65.9±2.6% for structures in set 2).

The definition of the relative orientations of the two
structural domains in the protein is very substantially im-
proved for the structures in sets 1 and 2 compared with the
definition in the structures reported previously. To charac-
terize this, we have determined the angle between helix C in
the �-domain and the first strand of the �-sheet in the �-do-
main. This helix-strand angle has a value of 48.7° in the
X-ray structure. In the structures reported previously, this
angle is 34.3±13.4°, whereas it has values of 52.6±4.0° and
53.6±5.6° in structure sets 1 and 2, respectively. The better
definition of the helix-strand angle and the closer agreement
with the value observed in the X-ray structure for the struc-
tures in set 1 reflects both the additional NOEs from the
heteronuclear spectra (82 inter-domain NOEs compared
with 45 in the 1993 data set) and the dipolar coupling data.
The improved definition of the domain orientations is fur-
ther shown by the relative values of the backbone RMSD
from the mean structure for residues in the �-domain of the
protein when the structures are superimposed using the full
sequence (0.58±0.19Å for set 1, 0.74±0.25Å for set 2, and
2.23±0.40Å for the 1993 structures) or only the �-domain
residues (0.73±0.2Å for set 1, 0.91±0.30Å for set 2, and
2.63±0.49Å for the 1993 structures).

Cornilescu et al. (1998) have shown that the quality of
NMR structures can be assessed by comparison of predicted
NMR parameters with experimental NMR data that were

Fig. 5. Ribbon diagrams showing the mean structures of hen lysozyme from sets 1 (A) and 2 (B). In each case the radius of the ribbon
shows the rms difference from the mean for the C� atoms across the set of 50 structures. Residues 6–15, 25–36 and 89–100, which
form the three main �-helices in the protein (helices A, B and C), are shown in red. Three shorter regions of helix are shown in cyan.
These correspond to helix D (residues 111–114) and the two 310-helices (residues 81–84 and 120–123) in the X-ray structure. Residues
41–60, which form the triple stranded antiparallel �-sheet in the X-ray structure, are shown in yellow. The N and C termini are labeled.
The figure was generated using MOLMOL (Koradi et al. 1996).
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not used in the refinement process. They have introduced a
quality, Q, factor defined as

Q � rms(parammeas − parampred)/rms(parammeas)
in which param is a measurable NMR parameter such as

a residual dipolar coupling or orientation-induced chemical
shift change. Here we have used this approach to compare
the lysozyme solution structures calculated with and with-
out the two sets of residual dipolar couplings. The additional
data used to determine the Q factor are, firstly, orientation-
induced 15N chemical shift changes measured for the 5%
and 7.5% bicelle solutions (Boyd and Redfield, 1999); sec-
ondly, a set of residual dipolar couplings measured for ly-
sozyme in a bicelle mixture composed of 3.8% DTDPC:
DHPC:CTAB:DMPE-DTPA:La+3 (3.0: 1.0: 0.4: 0.07: 0.06;
J.Boyd and C. Redfield, unpubl.); and thirdly, T1/T2 values
obtained from 15N relaxation measurements (Buck et al.
1995). The Q factors obtained with the 15N chemical shift
changes are 0.36 +/−0.01 and 0.75 +/−0.03 for the structures
in sets 1 and 2 obtained with and without the residual di-
polar couplings, respectively. The Q factors obtained with
the additional set of dipolar couplings are 0.30 +/−0.01 and
0.65 +/−0.03 for the structures in sets 1 and 2, respectively.
The Q factors obtained with the T1/T2 ratios are 0.030
+/−0.001 and 0.0455 +/−0.001 for the structures in sets 1
and 2, respectively. Thus in all three cases the Q values are
substantially lower for the structures refined using the di-
polar couplings than for those refined without these data.
The agreement between the experimental T1/T2 values and
those calculated using the structures refined with dipolar
couplings is comparable to that obtained with the X-ray
structure. The average anisotropy (D�/D ⊥ ) of 1.26±0.01 ob-
tained from the family of 50 structures in set 1 is the same
as that found for the X-ray structure. The structures refined
without the dipolar couplings give significantly worse
agreement with the T1/T2 data with an average anisotropy of
only 1.18±0.02.

Figure 6 compares the variation along the protein se-
quence in backbone RMSD values with the mean structure,
and between the mean and X-ray structures for the two sets
of structures. The improvements for set 1 on the inclusion of
the dipolar couplings are concentrated around residues Asn
46-Gly 49, Arg 68-Pro 70, and Ala 82-Leu 84. These are the
three areas in which particularly large deviations are seen in
the ensemble of NMR structures reported previously (Smith
et al. 1993). The changes for residues Ala 82-Leu 84 on the
addition of the dipolar coupling data are particularly inter-
esting. Residues Cys 80-Leu 84 form a 310-helix in the
X-ray structure, but the conformation of these residues is
disordered in the ensemble of structures reported previously
(Smith et al. 1993). Despite the addition of NOEs from the
heteronuclear spectra, such as Ser 81 H�-Leu 84 H�1,
which help in the definition of this region, significant de-
viations from the X-ray structure are still seen for the NMR
structures in set 2 (Fig. 6b). The dipolar coupling data set

includes two restraints for the NH bond vectors of each of
the residues in the range Cys 80-Leu 84. The inclusion of
these data leads to the substantial increase in the similarity
of the NMR and X-ray structures in this region (e.g., RMSD
between the mean and X-ray structure for Leu 83 is reduced
from 4.24 Å for set 2 to 2.03 Å for set 1).

There is also a significant difference between the two sets
of NMR structures for the region surrounding Gly 22, a
larger RMSD to the mean structure being seen for set 1
(0.95 Å for Gly 22) than set 2 (0.23 Å for Gly 22). As
discussed above, a �-bridge involving Tyr 20 and Tyr 23,
which is also defined in the X-ray structure, is present in 13
of the 50 structures of set 1. This �-bridge is not present in
any of the structures in set 2; in this case, therefore, the
addition of the dipolar coupling data enables the �-bridge to
be defined. However, there is an incompatibility between
the dipolar coupling of Gly 22 measured in the 5% bicelle
solution and an NOE observed between Tyr 23 HN and Trp
28 HZ2. In the structures in which the �-bridge is defined,
there is close agreement between the calculated and experi-
mental dipolar couplings of Gly 22 (difference <0.5 Hz), but
the NOE is violated by 0.3–0.4 Å. In contrast, in the struc-
tures in which there is no �-bridge, there is a violation of
2.3–4.1 Hz for the experimental dipolar coupling of Gly 22,
but there are no violations of the Tyr 23 HN-Trp 28 HZ2
NOE greater than 0.3Å. This incompatibility between the
data presumably reflects the mobility of this region in so-
lution and means that the �-bridge is not the only confor-
mation that is observed in the ensemble of set 1 structures.
This observation suggests that a simple comparison of

Fig. 6. Comparison of (a) the average backbone RMSD values (in Å) from
the mean structure and (b) the backbone RMSD values (in Å) between the
mean structure and the X-ray structure for the ensembles of structures in
sets 1 and 2. In each case the RMSD values are shown as a function of
residue number, (filled circles) the 50 structures in set 1, calculated in-
cluding the dipolar coupling data, (open circles) the 50 structures in set 2,
calculated without the dipolar coupling data.
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RMSD values may not be a definitive measure of the quality
of the structure in solution where motional effects are sig-
nificant, and the average structure does not represent the
ensemble of contributing conformers in a meaningful way.

Interestingly, the �-strand secondary structure in the
triple stranded antiparallel �-sheet is better defined in the
structures in set 2 than those in set 1. The first two strands
are defined in all 50 of the structures in set 2, whereas in set
1 these full strands are only defined in 32 structures and
there is a �-bridge in 14 structures. In addition, a �-bridge
involving Asn 59 in the third strand is defined in 25 of the
structures of set 2 but this is missing in all the structures in
set 1. A closer analysis of the structures shows that this
difference does not reflect large structural changes in this
region but, instead, slight alterations in the relative orienta-
tions of the amide and carbonyl pairs for 54NH-42CO and
58NH-53CO because of the dipolar coupling restraints.
These alterations result in the hydrogen bonds no longer
being identified by the Kabsch and Sander method, but do
not result in significant violations of the hydrogen bond
restraints as only weak restraints of this type (NH(i) to
O(i-4) 1.3–2.3Å and N(i) to O(i-4) 2.3–3.3Å) are included
in the structure calculations.

Conclusions

In most cases in which NMR techniques are used to deter-
mine the structure of a globular protein, the close packed
interior core of the protein is defined with a high precision
in the ensemble of calculated structures (Doreleijers et al.
1998). The good definition reflects in general the consider-
able number of NOE distance restraints that have been iden-
tified for the core hydrophobic residues. This is the case for
the ensemble of lysozyme structures determined here in
which there is a heavy atom RMSD of 0.57±0.17Å from the
mean structure for the 39 residues which have a solvent
accessibility less that 10%. For understanding the biological
role of a protein, the areas of most interest are often, how-
ever, exposed surface regions such as the active sites of
enzymes or the binding sites of proteins involved in inter-
molecular association. Here, the NMR ensemble will often
be less well defined. In some cases this reflects the high
mobility of surface residues resulting in averaging of the
NMR parameters so that they do not correspond to a single
conformer. However, even when there is a single preferred
conformation, there may be difficulties in collecting suffi-
cient NOE data to define the structure adequately in ex-
posed regions as there may not be many atoms in close
proximity of a given proton. In such a situation, other types
of NMR data, particularly those that give restraints of a
longer range or different nature, can play a very important
role in increasing the accuracy of an NMR structure deter-
mination. In this work we have investigated this for hen
lysozyme by examining the effects of including in the struc-

ture calculations a relatively small number of dipolar cou-
pling restraints (209 out of a total of 2011 experimental
restraints). These additional restraints have improved the
quality of the structure (improved stereochemical quality,
reduced Q factors, and reduced RMSD to the X-ray struc-
ture). The refinement has resulted in an ensemble of struc-
ture in which the backbone RMSD values are 0.43±0.10Å
from the mean NMR structure and 1.32±0.08Å from the
X-ray structure when 12 residues in the mobile regions of
the protein are excluded from the RMSD calculations
(Table 2).

Interestingly, however, there is still conformational dis-
order within the NMR ensemble in some regions of the
structure, most notably in the long loop and involving resi-
dues in the turns between helices A and B and between the
first two strands in the �-sheet. Some significant differences
also remain between the NMR and X-ray structures of hen
lysozyme (Fig. 1, 6). By comparison with results from ex-
perimental 15N relaxation studies (Buck et al. 1995) and
theoretical MD simulations (Stocker et al. 2000), we have
been able to establish that for all these regions of difference
or disorder there is evidence for motions, either on a fast
picosecond or on a slower microsecond to millisecond
timescale, within the protein in solution. For lysozyme, in
most regions of the sequence the X-ray structure provides a
reasonably good representation of the average structure in
solution. However, for Pro 70-Ser 72 significant differences
are observed between different crystal structures of the pro-
tein, and for Thr 47-Gly 49 the conformation in X-ray struc-
tures is affected by crystal contacts (C. Redfield, unpubl.).
For these regions in which differences are observed between
the X-ray and solution structures, the NMR ensemble re-
ported here may therefore provide a more realistic structural
representation. More importantly, however, the ensemble of
NMR structures may give information about the range of
conformations that are present for lysozyme in solution. For
the highly mobile regions of the protein a single structure
defined either by NMR or by X-ray diffraction methods
cannot provide a full description of the protein conforma-
tion. Moreover, in some cases conformers present only in
low populations may play an important role in the dynam-
ics, folding, or function of the protein. The availability of a
variety of conformations for lysozyme consistent with the
NMR data provides insight into the conformations likely to
be accessible in solution.

Materials and methods

Protein samples

Hen egg white lysozyme was expressed in Aspergillus niger and
purified from filtered culture medium as described previously
(MacKenzie et al. 1996). For the 15N-labeled sample, 15NH4Cl
was used as the sole nitrogen source. For the double-labeled
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15N,13C sample, 15NH4Cl was used as the sole nitrogen source and
13C-labeled glucose as the sole carbon source. The 15N NMR
sample was prepared to contain ca. 4mM protein in 95%H2O/
5%D2O. The 15N,13C NMR samples contained protein concentra-
tions of ca. 1.5mM, the protein being dissolved in either 90%H2O/
10%D2O or 100%D2O. All samples were at pH 3.8 unless other-
wise stated, and the NMR experiments were performed at 35°C.

NMR experiments and data analysis

NMR spectra were recorded on home-built spectrometers at the
Oxford Centre for Molecular Sciences with 1H operating frequen-
cies of 500 MHz and 600 and 750 MHz and on a Bruker DMX
spectrometer at the Institute of Organic Chemistry, University of
Frankfurt, with a 1H operating frequency of 600 MHz. The spec-
trometers at the Oxford Centre for Molecular Sciences are
equipped with Oxford Instruments Company magnets (Oxford,
UK), OMEGA software, and digital control equipment (Bruker
Instruments), home-built triple resonance pulsed field gradient
probe heads and home-built linear amplifiers. Data processing was
performed using Felix 2.3 from MSI (San Diego, CA).

The HMQCJ spectrum (Kay and Bax 1990) was used to deter-
mine 3J(HN,H�) coupling constant values. The coupling constants
were fitted to doublets in �1 by optimization of the coupling con-
stant and line widths for each of the doublet components using
home-written software. For the soft HCCH-COSY and HCCH-
E.COSY spectra (Eggenberger et al. 1992; Karimi-Nejad et al.
1994) mirror-image linear prediction as implemented in Felix97
was performed to enhance resolution in �2 (Zhu and Bax 1990).
Quantitative 3J(H�,C�), and 3J(H�,H�) coupling constants were
extracted from the spectra using published methods (Schwalbe et
al. 1994).

NOE intensities in the heteronuclear 3D NOESY-HMQC spec-
tra were estimated from peak heights, the cross peaks being di-
vided into four categories (strong, medium, weak or very weak)
equivalent to those used previously (Smith et al. 1993). The cor-
responding distance restraints used for the four categories were
1.8–2.5Å (strong), 1.8–3.0Å (medium), 1.8–4.5Å (weak), and 1.8–
5.5Å (very weak). The NOE data set also contained some restraints
from cross peaks that are only observed in 1H NOESY spectrum
recorded with a long 500 ms mixing time. For these cross peaks,
the corresponding distance restraint was 1.8–7.5Å (Smith et al.
1993). Pseudoatoms were used in the structure calculations where
no stereospecific assignments had been achieved, the necessary
corrections being made to the distance range (Wüthrich et al 1983).
In addition, 0.5Å was added to the upper limit of distance restraints
when the NOE involved protons of a methyl group (Wüthrich,
1986).

3J(HN,H�) coupling constants were used to give � torsion angle
restraints. A restraint of −60±30° was used for residues in helices
with a 3J(HN,H�) value less than 5.5 Hz, whereas a restraint of
−120±40° was used for residues with a 3J(HN,H�) value greater
than 8.5 Hz. For residues in which the �1 rotamer had been iden-
tified on the basis of 3J(H�,H�) and 3J(H�,C�), coupling constant
values, �1 restraints of -60±30°, 60±30°, or 180±30° were used.
Hydrogen bond restraints between NH(i) and O(i-4) (1.3–2.3Å)
and between N(i) and O(i-4) (2.3–3.3Å) were included for residues
in the helical regions Cys 6-His 15, Leu 25-Asn 37, and Thr
89-Asp 101 in which there are slow amide proton exchange rates.
For the �-sheet, hydrogen bond restraints were included between
the pairs Ala 42-Gly 54, Arg 44-Asp 52, Asn 46-Ser 50, and Tyr
53-Ile 58 in which slow amide proton exchange rates are observed
experimentally.

Measurement of residual dipolar couplings

Residual dipolar couplings were measured for 0.5mM 15N-labeled
hen lysozyme in two different bicelle solutions. The first contained
5% w/v DMPC and DHPC, q � 2.9, in 10mM phosphate buffer at
pH 6.5 (93%/7% H2O/D2O) with a small amount of dioxan as a 1H
chemical shift reference. The second solution contained 7.5% w/v
DMPC and DHPC but with CTAB added to give the bicelles an
overall positive charge (DMPC:DHPC:CTAB � 2.9: 1.0: 0.1).
The sample preparation protocol followed that described by Ot-
tiger and Bax (1998).

The 1H-15N residual dipolar couplings were measured from the
1JNH splitting appearing in the 15N dimension of an HSQC experi-
ment that incorporated an S3E pulse sequence element and could
be used to select for either multiplet component in separate ex-
periments (Meissner et al. 1997). The experiments were recorded
at 750 MHz using 128 (t1–15N) and 2048 (t2–1H) complex points
with acquisition times of 28.5 and 97.3 ms, respectively. The data
were processed to give a final digital resolution of 1 Hz/pt (F1) and
3 Hz/pt (F2). Pairs of spectra were collected at 35°C for the 5%
DMPC:DHPC and 7.5% DMPC:DHPC:CTAB bicelle solutions. A
pair of spectra was also collected at 35°C for an isotropic solution
of lysozyme dissolved in 10mM phosphate buffer at pH 6.5. The
residual dipolar coupling was taken as the difference between the
splitting observed in the oriented bicelle and isotropic bicelle so-
lutions (1DNH � 1JNH(bic) − 1JNH(iso)); 1JHN is assumed to be
negative.

Structure calculations and analysis

Structures were calculated using XPLOR version 3.8 (Brünger
1992) and the PARALLDG5.1 force field of Linge and Nilges
(1999). A simulated annealing protocol starting from randomized
coordinate positions was used (Nilges et al. 1988; Wiles et al.
1997) for the first stages of the structure calculations in which the
NOE, dihedral angle, and hydrogen bond restraints were included
but not the dipolar coupling restraints. This initial simulated an-
nealing consisted of 30000 steps at 1000K followed by cooling to
100K over 15000 steps. This was followed by a refinement stage
consisting of 2000 steps at 2000K and 2000 steps during cooling
to 100K. The 15 lowest energy structures from this protocol were
selected for a further refinement in which the dipolar coupling data
(along with the NOE, dihedral angle, and hydrogen bond re-
straints) were included.

The dipolar coupling refinement used a version of XPLOR
modified to include dipolar coupling restraints (Clore et al. 1998b).
A simulated annealing protocol was used that had an initial tem-
perature of 1500K with 20000 cooling steps down to a temperature
of 100K. A harmonic potential was used for the dipolar coupling
restraints with final force constants in the protocol of 0.3 kcal
mol−1 Hz−2 and 0.5 kcal mol−1 Hz−2 for the 5% DMPC:DHPC
(5% bicelles) and 7.5% DMPC:DHPC:CTAB (7.5% bicelles) data,
respectively. The inclusion of the dipolar restraints in the structure
calculations requires values of the parameters Da, the axial com-
ponent of the alignment tensor, and R, the rhombicity, to be de-
fined. Estimates of these were obtained for the two sets of dipolar
couplings using the approach of Clore et al. (1998a) (Da � 15.1,
R � 0.34 for the 5% bicelle data; Da � 12.2, R � 0.16 for the
7.5% bicelle data). Preliminary calculations (25 sets of 15 struc-
tures) were then run to optimize the values of these parameters.
Including only the dipolar restraints from the 5% bicelle data, R
values in the range 0.28–0.38 in 0.02 steps and Da values varying
from 14.5–16.0 in 0.25 steps were used. Similarly, calculations
with only the 7.5% bicelle data being included were run with R in
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the range 0.10–0.20 and Da in the range 11.5–14.0. In each case,
the values of these parameters that gave the lowest energy struc-
tures were selected (for 5% bicelle data Da � 15.5, R � 0.32; for
7.5% bicelle data Da � 13.5, R � 0.17; Clore et al. 1998b). These
parameters were used in calculations in which 20 structures were
calculated from each of the 15 structures from the initial protocol.
The 50 lowest energy structures were selected for analysis (struc-
ture set 1). For comparison another set of 50 structures was cal-
culated using an identical protocol but excluding the dipolar cou-
pling data (structure set 2).

The stereochemical quality of the structures was analysed using
the program PROCHECK (Laskowski et al. 1993), and regions of
secondary structure were identified using the program DSSP (Kab-
sch and Sander 1983). Solvent accessible surface areas were cal-
culated for the structures using the program NACCESS (Hubbard
and Thornton 1993).
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