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Abstract

A new protocol is described for the isotope (15N and 13C,15N) enrichment of hen egg white lysozyme. Hen
egg white lysozyme and an all-Ala-mutant of this protein have been expressed in E. coli. They formed
inclusion bodies from which mg quantities of the proteins were purified and prepared for NMR spectro-
scopic investigations. 1H,13C and 15N main chain resonances of disulfide reduced and S-methylated lyso-
zyme were assigned and its residual structure in water pH 2 was characterized by chemical shift
perturbation analysis. A new NMR experiment has been developed to assign tryptophan side chain indole
resonances by correlation of side chain and backbone NH resonances with the Cc resonances of these
residues. Assignment of tryptophan side chains enables further residue specific investigations on structural
and dynamical properties, which are of significant interest for the understanding of non-natives states of
lysozyme stabilized by hydrophobic interactions between clusters of tryptophan residues.

Introduction

The native state and different non-native states of
hen egg white lysozyme have been investigated
extensively by nuclear magnetic resonance spec-
troscopy. Redfield et al. provided the first reso-
nance assignments for a sizeable protein using
homonuclear correlation spectroscopy (Redfield
and Dobson, 1988). Detailed structural investiga-
tions including the first solution structure of the
protein were reported by Redfield and Dobson
(1988) and Smith et al. (1991, 1993). Buck et al.
analyzed the dynamics of native hen egg white
lysozyme by measuring T1 and T2 relaxation times

of 15Nmain chain and side chain nuclei (Buck et al.,
1995). The structural and dynamical properties of
denatured hen lysozyme were investigated using
15N-resolved 3D NMR experiments. Coupling
constants, 15N relaxation rates, NOE data and
chemical shift deviations from random coil chemi-
cal shifts of both oxidized and reduced lysozyme in
8 M urea together led to a better understanding of
residual structure (Schwalbe et al., 1997) and side
chain conformations (Hennig et al., 1999) in non-
native states of this protein. A partially folded state
of lysozyme in a trifluorethanol/water mixture was
characterized by investigation of NOE patterns, Ha

chemical shift perturbations, 3J(HN,Ha)-coupling
constants and protection from hydrogen exchange
of a 15N labeled sample of this protein (Buck et al.,
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1996). Recently, it could also been shown that
long-range interactions and extensive hydrophobic
clusters are present in lysozyme even under dena-
turing conditions (Klein-Seetharaman et al., 2002;
Wirmer et al., 2004). These conclusions have been
derived from the analysis of chemical shift pertur-
bations, transverse relaxation rates, and diffusion
constants of 15N labeled wild type lysozyme and
respective single point mutants (Wirmer et al.,
2004).

However, the previous relaxation studies on
non-native lysozyme solely relied on information
based on the backbone assignments. Assignment of
tryptophan side chain resonances in addition to the
backbone resonances allows gaining valuable site-
specific information on structural and dynamical
properties of these residues. This information is
particularly interesting when looking at non-native
and native-like interactions in non-native states of
proteins, where tryptophans play an important role
in mediating such contacts and the formation of
hydrophobic clusters (Klein-Seetharaman et al.,
2002). The indole proton and nitrogen resonances
in the tryptophan side chain are especially valuable
for structural and dynamical analysis as they are
reasonably resolved and eligible for heteronuclear
relaxation and photo-CIDNP methods (Mok and
Hore, 2004).

Heterologous expression of recombinant pro-
teins is normally a prerequisite for isotope labeling
of proteins for nuclear magnetic resonance spec-
troscopy. For the isotope labeling of recombinant
hen egg white lysozyme (HEWL), several protocols
have been published and were used in the previous
NMR studies of this protein. Expression of 15N
and 13C,15N labeled HEWL in the filamentous
fungus Aspergillus niger (MacKenzie et al., 1996;
Spencer et al., 1999) was used for the refinement of
the solution structure of hen egg white lysozyme
(Schwalbe et al., 2001) and for conformational
NMR studies on non-native lysozyme (Buck et al.,
1995, 1996; Schwalbe et al., 1997; Hennig et al.,
1999). Heterologous expression of 15N isotope
labeled HEWL has also been reported for the
methylotropic yeast Pichia pastoris (Mine et al.,
1999). However, the usage of eukaryotic expression
systems such as P. pastoris and A. niger, is time
consuming and expensive. In contrast, heterolo-
gous expression of proteins in E. coli usually is less
time consuming, easier to implement, and isotope
enrichment is less cost intensive due to a lower need

for labeled media. However, for most of the
recombinant proteins expressed in E. coli, the
N-terminal methionine is not eliminated post-
translationally unlike in the eukaryotic expression
systems mentioned above.

Investigations on non-native states of HEWL
can either be performed under denaturing condi-
tions as mentioned above or by a permanent
destruction of structure-stabilizing disulfide-
bridges in the molecule. This can be achieved by
reduction and permanent blocking of the cysteine
residues or by means of site-specific mutation.
Both approaches have been applied to HEWL in
this study. The eight cysteines forming the four
disulfide-bridges in native HEWL have been
reduced and methylated gaining permanent non-
native states, designated HEWL-SMe. The muta-
tional approach to obtain non-native HEWL
without the necessity of any chemical modification
or presence of chaotropic agents involves the
replacement of all cysteine residues with alanines.
The result of this is a very similar state as HEWL-
SMe and is referred to as all-Ala-HEWL.

In this paper, we report on the optimization
of an expression protocol to produce HEWL from
E. coli. 13C,15N labeled protein was used to
develop a set of two new NMR experiments
to assign the side chain resonances of tryptophan
residues. These usually cannot be assigned from
15N-resolved 3D data of only 15N labeled proteins
when investigated in their non-native states.

A previously published experiment for the
sequence-specific assignment of tryptophan ring
1H,13C and 15N resonances in proteins (Löhr
et al., 2002) could not be applied in our case. The
described HN(CDCG)CB experiment correlates
the indole protons in tryptophan side chains with
13Cb resonances in a series of magnetization
transfers via one-bond scalar couplings. In the case
of non-native proteins like the all-Ala mutant of
hen egg white lysozyme, the 13Cb resonances are
not well enough resolved to allow for the unam-
biguous assignment of the tryptophan side chain
resonances.

The use of combinations of conventional
tryptophan side chain specific TOCSY and
NOESY spectra (Slupsky et al., 1998) fail in
unfolded proteins due to the massive overlap of
resonances in the aromatic side chain. In such a
strategy, the 13Cb resonances in tryptophan
side chains are correlated with the aromatic 1Hd1

96



resonances via a selective (HB)CB(CGCD)HD
experiment (Yamazaki and Kay, 1993). The 1Hd1

resonances are then correlated to the 15Ne and
1HNe resonances by exploiting their scalar and
NOE couplings to the 1Hd1 nucleus.

Since the existing experiments for the assign-
ment of tryptophan side chain resonances in native
proteins are not suitable in the case of some non-
native proteins due to the resonance overlap, a set
of two new NMR experiments has been developed.
In these experiments, the tryptophan side chain
indole resonances are assigned by the correlation
of side chain and backbone NH resonances with
the Cc resonances of these residues. The Cc reso-
nances exhibit a reasonable resolution even in non-
native HEWL, which is a prerequisite for the
unambiguous assignment.

Materials and methods

Cloning, expression and purification

The synthetic genes encoding hen egg white lyso-
zyme (HEWL) with an N-terminal methionine and
its respective all-Ala mutant with all cysteine res-
idues replaced by alanines, were obtained from
Entelechon, Regensburg, Germany in vector
pCR4-TOPO, and cloned into the pET11a
expression vector. The uniformly 15N,13C-labeled
proteins were overproduced in E. coli strain
BL21(DE3) using M9 minimal medium containing
15NH4Cl (Martek) and 13C6-glucose (Silantes).
Cultures were induced with 2 mM IPTG at an
OD600 of �0.8, and grown for an additional 3 h
before harvesting. Cells were lysed by sonication in
buffer containing 50 mM Tris, 25% sucrose, and
1 mM EDTA, pH 7.5, the insoluble fraction was
washed with the same buffer and with buffer
containing 20 mM Tris, 1% Triton X-100, and
1 mM EDTA, pH 7.5. The resulting pellets
(inclusion bodies) were solubilized in 20 mM Tris,
50 mM NaCl, 8 M urea, 5 mM EDTA, and 0.1 M
DTT, pH 7.5, and loaded onto a fast-flow CM-
Sepharose (Sigma) column equilibrated with
50 mM Tris, 50 mM NaCl, 4 M urea, 1 mM
EDTA, and 5 mM 2-mercaptoethanol. The col-
umn was eluted with a linear gradient of NaCl
(final concentration 300 mM) in 4 M urea. Frac-
tions containing HEWL or all-Ala-HEWL were
pooled, concentrated to a final concentration of

about 1 mg/ml using centrifugal filter devices
(Vivaspin 15, 5000 MWCO, Vivascience). In
the case of HEWL, the cysteine groups were
methylated as described before (Heinrikson, 1971)
in buffer containing 8 M urea and 25% (v/v)
acetonitrile. Reduced S-methylated HEWL was
dialysed against deionized water pH 2, purified
by reversed-phase HPLC using a linear water-to-
acetonitrile gradient, and freeze-dried. All-Ala-
HEWL was dialyzed against water pH 2, purified
by reversed phase HPLC, and freeze dried. After
solvation of the dried protein in deionized water
pH 2 containing 10% (v/v) D2O, the NMR sam-
ples had protein concentrations of approximately
0.5 mM.

The synthetic gene encoding for hen egg white
lysozyme was also cloned into the expression vec-
tor pJC40 to introduce an N-terminal deca-his tag.
Expression and purification of the his-tagged
protein followed the same protocol as described
above with an additional immobilized-metal
affinity chromatography (IMAC) using a Ni-NTA
matrix before the ion-exchange column. Protein
was eluted from the Ni-NTA column using a step
gradient of 10–500 mM imidazol in 50 mM Tris,
50 mM NaCl, 4 M urea, and 20 mM 2-mercap-
toethanol, pH 7.5. Vectors can be obtained upon
request from the authors.

Refolding

After ion exchange chromatography purification,
urea was added to a final concentration of 8 M
and the protein was concentrated 3 mg/ml using
centrifugal filter devices. Subsequently, HEWL
was refolded by rapid 20-fold dilution into buffer
containing 50 mM Tris, 50 mM KCl, 1 mM
ED-TA, 5 mM reduced glutathion, and 0.5 mM
oxidized glutathione. After dilution the solution
containing the refolded HEWL was dialyzed twice
for 12 h against deionized water pH 6.8 and
freeze-dried. Freeze-dried protein was dissolved in
water pH 3.8 containing 10% D2O to a concen-
tration of about 15 lM. The yield of pure and
refolded lysozyme was approximately 50%.

Assignment of the backbone

NMR experiments were carried out at 293 K on
Bruker AVANCE spectrometers, operating at
proton frequencies of 700 or 800 MHz and
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equipped with 5 mm triple-resonance pulsed-field
z-gradient probes. The NMR-data were processed
using XWIN-NMR 3.5 (Bruker Biospin) and
analyzed with XEASY (Bartels et al., 1995) and
CARA (Keller, 2004). The sequential backbone
resonance assignment of the reduced S-methylated
hen egg white lysozyme in deionized water pH 2
followed the standard triple resonance strategy for
13C,15N-labeled proteins (Sattler et al., 1999).
The assignments were obtained with HNCACB
(Wittekind and Mueller, 1993), CBCA(CO)NH
(Grzesiek and Bax, 1993), HNCO (Grzesiek and
Bax, 1992), HN(CA)CO (Clubb et al., 1992),
HBHA(CO)NH (Grzesiek and Bax, 1993) and
(H)CC(CO)NH (Montelione et al., 1992) experi-
ments. 1H chemical shifts were referenced to
TMSP at 0.00 ppm and 13C and 15N chemical
shifts were calculated from the 1H frequency
(Wishart et al., 1995). A 1H,15N-HSQC-spectrum
of refolded lysozyme was recorded at 293 K on a
Bruker AVANCE-800 spectrometer equipped with
a 1H,13C,15N triple-resonance cryoprobe. The
amide 1H and 15N resonances of the tryptophan
residues of the all-Ala-HEWL mutant, which are
necessary for the side chain assignment, have been
assigned by comparison of the 1H,15N HSQC
spectra of HEWL-SMe and all-Ala-HEWL.

Assignment of the tryptophan side chains

Tryptophan side chain indole 1HNe/15Ne reso-
nances have been assigned by the newly developed
HN(CACB)CG and HN(CD)CG experiments
with the uniformly 13C,15N labeled all-Ala-HEWL
sample on a Bruker AVANCE-700 spectrometer
equipped with a 1H,13C,15N triple-resonance
cryoprobe. Both experiments have been run as
two-dimensional versions by omitting the 15N
chemical shift evolution. The HN(CACB)CG
experiment was performed with spectral widths of
10 ppm (13Cc) and 14 ppm (1HN), 64 scans per
increment and 128 (13Cc) times 512 (1HN) complex
points, resulting in a total experiment time of
8.5 h. The HN(CD)CG experiment was recorded
in 2 h with 16 scans and 128 (13Cc) times 512 (1HN)
complex points. Spectral widths for the 13Cc and
1HNe were set to 3 and 14 ppm, respectively. The
three-dimensional version of the HN(CD)CG
experiment was recorded in 60 h with 16 scans and
128 (1HNe) times 128 (13Cc) times 512 (1HN)
complex points.

The spectra were processed using the Bruker
TOPSPIN 1.3 software. Linear prediction as
implemented in the Bruker software package was
applied in the case of the indirect domain of the
HN(CACB)CG spectrum.

Results and discussion

Expression, purification and refolding

Expression of hen egg white lysozyme and its
respective all-Ala-mutant in E. coli yielded up to
25 mg 13C,15N doubly labeled lysozyme per liter
M9 minimal medium. Most of the protein was
produced in the first hour after induction. The
yield for the 15N labeled proteins was about the
same as for the doubly labeled. The bulk amount
of the overproduced lysozyme went into inclusion
bodies as shown in the SDS-PAGE analysis of the
different steps of the solubilization process. After
purification with CM sepharose ion exchange
chromatography, the protein was already more
than 95% pure as judged from SDS-PAGE anal-
ysis. HEWL and all-Ala-HEWL eluted from the
ion exchange column at a salt concentration of
around 150 mM. After S-methylation of disulfide-
reduced HEWL and HPLC purification of all-Ala-
HEWL and the methylated HEWL, both proteins
were pure as judged from MALDI-TOF mass
spectrometry.

The yield of native lysozyme after refolding by
rapid dilution into refolding buffer was about
50%, the remainder precipitated due to misfolding
or was lost during HPLC purification. The re-
corded 1H,15N-HSQC spectrum of the refolded
lysozyme at pH 3.8 and 293 K (Figure 1) is iden-
tically to a previously published spectrum of native
lysozyme expressed in Aspergillus niger at 308 K
and the same pH (Buck et al., 1995).

Backbone resonance assignment

The resonance assignment of HN, N, Ha, Hb, Ca,
Cb and C¢ nuclei for reduced, S-methylated
HEWL using the standard heteronuclear two-
and three-dimensional NMR experiments was
straightforward. Some of the HN and NH reso-
nances, especially the glycines, serines and threo-
nines, were easily assigned by comparison with
existing 1H,15N-HSQC spectra for S-methylated
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HEWL in water pH 2 (Grimshaw, 1999) and
HEWL in 8 M urea (Schwalbe et al., 1997; Hennig
et al., 1999). These initial assignments formed the
basis for the sequential resonance assignments
using the CBCA(CO)NH and HNCACB spectra.
(H)CC (CO)NH spectra were used to identify the
amino acid types of the residues. For the assign-
ment of the carbonyl carbon nuclei HN(CA)CO
and HNCO spectra were used.

For 112 out of the 130 residues of HEWL-SMe

the HN, NH, Ha, Hb, Ca, Cb and C¢ could be as-
signed completely, for 10 additional residues par-
tial assignments have been found. The chemical
shifts were stored in the BMRB database under
accession code 6622.

Tryptophan side chain resonance assignment

The experiments for the assignment of indole res-
onances in tryptophan side chains of non-native
proteins depend on the selectivity of pulses and
transfers within the tryptophan side chains
(Figure 2).

The HN(CACB)CG experiment (Figure 3)
correlates the backbone amide 1HN/15N reso-
nances with the 13Cc resonances in the side chain
and the HN(CD)CG experiment (Figure 4)
correlates the side chain indole 1HNe/15Ne reso-
nances with the 13Cc resonances (Figure 5). This

Figure 2. Magnetization transfer pathway for the assignment
of tryptophan side chain indole protons in the HN(CACB)CG
experiment (full arrows) and the HN(CD)CG experiment
(dashed arrows). Typical chemical shifts in tryptophan residues
of non-native lysozyme as found during the development of the
two assignment experiments in this work are shown on the
right.

Figure 1. 1H,15N HSQC spectra of (a) refolded HEWL at pH 3.8 and (b) all-Ala hen egg white lysozyme at pH 2.0. The insert in (b)
shows the zoomed tryptophan side chain indole region. Both spectra have been acquired at a temperature of 293 K. Note that the
scales for both spectra are different.

99



assignment strategy exploits the fact that the 13Cc

resonances are comparably well resolved in non-
native states of proteins and that they are well
separated from other aromatic carbon resonances.

The 13Cc resonances have been assigned in the
HN(CACB)CG experiment; from this correlation
the 1HNe/15Ne resonances have been assigned using
the HN(CD)CG experiment. Both experiments are
of the ‘out-and-back’-type and have been derived
from the HNCACB experiment (Wittekind and
Mueller, 1993). All delay durations have been
optimized to selectively observe correlations
within tryptophan side chains. Solvent is sup-
pressed by soft-WATERGATE pulse schemes

(Piotto et al., 1992). The HN(CACB)CG pulse
sequence comprises four successive steps to trans-
fer magnetization via 1J one-bond couplings from
the 1HN to the 13Cc. Amplitude modulated shaped
pulses are used for the inter-carbon transfers and
the decoupling of the 1JCcCd1 and 1JCcCd2 cou-
plings during t1 and to refocus Cb chemical shifts
during 2s¢+t1. The delay s¢ for the magnetization
transfer from the 13Cb to the 13Cc is adjusted to
approximately 1/(21JCbCc), conducting a HMQC
scheme. To gain maximal transfer efficiency the
13Ca–13Cb transfer delay is set to 1/(21JCaCb), un-
like in a standard HNCACB pulse sequence, where
this delay duration is adjusted to 1/(41JCaCb).

Figure 3. Pulse sequence of the 3D-HN(CACB)CG experiment for the correlation of the backbone amide proton with the aromatic
13Cc resonances in tryptophan side chains. Narrow and wide filled bars correspond to rectangular 90� and 180� pulses applied with
RF field strengths of 23.6 kHz (1H) and 6.8 kHz (15N), respectively. RF field strengths of 12.9 kHz and 28.7 kHz on 13C resonances
are used for the standard Q3 and Q5 Gaussian cascades (Emsley and Bodenhausen, 1992). Selective pulses and gradients are indicated
by semi-ellipses. The default pulse phase is x. The pulse sequences were optimized on a Bruker spectrometer with the Bruker
typical phase nomenclature. Fixed delays are adjusted as follows: D=4.6 ms (1/(2*1JNH)), D¢=4.9 ms, T=24.8 ms (1/(4*1JCN)),
s=7.2 ms (1/(4*1JCC)), s¢=8.5 ms (1/(2*1JCC)). Proton and nitrogen carrier frequencies are centered at the water (4.7 ppm) and the
amide 15N region (118 ppm), respectively. The carbon carrier frequency changes during the course of the experiment as indicated by
vertical dashed lines and the value of the 13C offset. The shaped 180� decoupling pulses on carbonyl carbon resonances areQ3 Gaussian
cascades with durations of 2 ms and have offsets of 172 ppm. The shaped 180� decoupling pulse on the Cb and Cd carbon resonances
during the carbon t1 time is based on a Q3 Gaussian cascade and has duration of 1.7 ms. About 1 ms water flipback square pulses are
applied after the first INEPT step and during the backtransfer from 15N to 1H. Asynchronous GARP decoupling (Shaka et al., 1985) is
used to suppress 15N)1H heteronuclear scalar coupling during acquisition. Proton decoupling using the DIPSI-2 (Shaka et al., 1988)
composite pulse decoupling is applied during most of the pulse sequence. The pulsed field gradients of 1 ms length are sine-bell shaped,
applied along the z-axis and have the following strengths: G1=27.5 G cm)1, G2=22 G cm)1, G3=33 G cm)1, G4=16.5 G cm)1.
Phase cycling is: /1=4(x), 4()x); /2=16(x), 16()x); /3=y, )y; /4=8(x), 8()x); /5=32(x), 32()x); /6=2(x), 2()x); /rec=R, 2()R),
R, )R, 2R, )R, where R=2(x), 4()x), 2(x). In addition, /4 is incremented in a States-TPPI (Marion et al., 1989) manner to achieve
quadrature detection in the x1 direction.
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The HN(CD)CG experiment transfers magne-
tization from the 1HNe to the 13Cc in three suc-
cessive steps: The initial INEPT transfer step from
the indole proton to the nitrogen is followed by the
transfer to the 13Cd1 nucleus and the successive
transfer to the 13Cc. The pulses for the magneti-
zation transfer between 13Cd1 and the 13Cc are
selective as well as the decoupling pulse on b and
d1/d2 carbons during t1. The offset for this transfer
is on the Cc and all pulses are off resonance on the
Cc/Cd1 chemical shift region (117 ppm). The
introduction of selective pulses on 13Cd and 13Cb

during t1 allows to obtain a high resolution in the
carbon dimension, which is essential for the
unambiguous assignment in non-native proteins.
This an important advantage compared to the
previously existing TROSY-HN(CDCG)CB
experiment (Löhr et al., 2002).

Figure 5 demonstrates the result of assignment
approach for the tryptophan side chain indole
1HNe/15Ne resonances using HN(CACB)CG and
HN(CD)CG experiments.

The resonances in the backbone amide region
of a 1H,15N HSQC correlation spectrum are cor-

Figure 4. Pulse sequence of the 3D-HN(CD)CG experiment for the correlation of the side chain indole proton resonances with the
aromatic 13Cc resonances in tryptophan side chains. Narrow and wide filled bars correspond to rectangular 90� and 180� pulses applied
with RF field strengths of 23.6 kHz (1H) and 6.8 kHz (15N), respectively. RF field strengths of 12.9 kHz and 28.7 kHz on 13C
resonances are used for the standard Q3 and Q5 Gaussian cascades (Emsley and Bodenhausen, 1992). Selective pulses and gradients are
indicated by semi-ellipses. The default pulse phase is x. The pulse sequences were optimized on a Bruker spectrometer with the Bruker
typical phase nomenclature. Fixed delays are adjusted as follows: D=4.6 ms (1/(2*1JNH)), D¢=4.9 ms, T=27.4 ms (1/(4*1JCN)),
s=6.4 ms (1/(2*1JCC)). Proton and nitrogen carrier frequencies are centered at the water (4.7 ppm) and the indole 15N region
(129.2 ppm), respectively. The carbon carrier frequency changes during the course of the experiment as indicated by vertical dashed
lines and the value of the 13C offset. The shaped 180� decoupling pulses on aromatic Ce resonances are Q3 Gaussian cascades with
durations of 2 ms and have offsets of 141 ppm. The shaped 180� decoupling pulse on the Cb and Cd carbon resonances during the
carbon t1 time is based on a Q3 Gaussian cascade and has duration of 1.15 ms. 1 ms water flipback square pulses are applied after the
first INEPT step and during the backtransfer from 15N to 1H. Asynchronous GARP decoupling (Shaka et al., 1985) is used to suppress
15N)1H heteronuclear scalar coupling during acquisition. Proton decoupling using the DIPSI-2 (Shaka et al., 1988) composite pulse
decoupling is applied during most of the pulse sequence. The pulsed field gradients of 1 ms length are sine-bell shaped, applied along
the z-axis and have the following strengths: G1=27.5 G cm)1, G2=22 G cm)1, G3=33 G cm)1, G4=16.5 G cm)1. Phase cycling is:
/1=8(x), 8()x); /2=x; /3=y, )y; /4=2(x), 2()x); /5=4(x), 4()x); /rec=2R, 2()R), where R=2(x), 2()x). In addition, /2 and /3 are
incremented in a States-TPPI (Marion et al., 1989) manner to achieve quadrature detection in the x1 direction.
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related to the peaks in the 1HN/13Cc plane of the
HN(CACB)CG spectrum by the distinct 1HN res-
onance frequencies. The HN(CACB)CG and
HN(CD)CG spectra are connected via the 13Cc

chemical shifts. From the distinct 1HNe chemical
shifts in the 1HNe/13Cc plane of the HN(CD)CG
spectrum, the 1HNe/15Ne resonances in a 1H,15N
HSQC correlation spectrum of the tryptophan side
chain indole region have been assigned. In the

HN(CD)CG spectrum and the indole region of
the 1H,15N HSQC spectrum the resonances for
the tryptophans 28 and 123 of hen egg white
lysozyme overlap significantly, but the other four
tryptophans are clearly separated and unambigu-
ously assignable. The peaks of the tryptophans 62
and 108 are considerably broadened compared to
the other peaks. This coincides with their cru-
cial role in hydrophobic clustering in non-native

Figure 5. Results of the assignment strategy for the tryptophan side chain indole 1HN/15Ne resonances by correlation with the
aromatic 13Cc resonances. The tryptophan peaks in the 1H,15N HSQC spectrum of the backbone amide region (upper left) is correlated
with the 1H,13C plane of the HN(CACB)CG spectrum (lower left) to assign 13Cc resonances of the tryptophan side chains. 13Cc

resonances in the 1H,13C planes of the HN(CACB)CG and the HN(CD)CG spectrum are correlated via their 13Cc chemical shifts. The
resonances in the HN(CD)CG spectrum are correlated to the 1H,15N HSQC spectrum via their 1H chemical shifts.
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lysozyme (Klein-Seetharaman et al., 2002; Wirmer
et al., 2004). The assignment in the HN(CD)CG
spectrum has been double-checked by letting the
experiment run in the three-dimensional version
with the 15N chemical shifts evolved.

Conclusion

A novel expression system for uniformly isotope
labeled hen egg white lysozyme and mutants
thereof has been established. Production of the
isotope enriched protein is possible with a rela-
tively high yield of more than 20 mg per liter cul-
ture medium. Expression and purification are
straight forward and fast. Refolding of the purified
protein is possible and pure fractions of native
protein can be obtained. However, the yield of
refolding is in the same range as for other pub-
lished methods (Fischer, 1996; Hevehan and De
Bernadez Clark, 1997).

This protocol enables NMR studies on the
structural and dynamical properties of both native
and non-native states of hen lysozyme. In addi-
tion, studies of the folding pathway of this protein
are also possible.

The introduction of an all-Ala mutant of hen
egg white lysozyme, in which all of the cysteine
residues are replaced by alanines, provides a fast
and simple way of obtaining lysozyme in a per-
manent non-native state. The absence of cysteine
residues prohibits the formation of a branched
polypeptide chain via disulfide bridges like in na-
tive hen egg white lysozyme. All-Ala-HEWL in
water pH 2 resembles the non-native states of re-
duced and S-methylated wild-type HEWL under
the same conditions, but is easier to prepare and is
not subject of the disadvantages of the methylation
process, such as incomplete reduction or methyl-
ation or unwanted methylation of residues other
than cysteine.

Properties of the all-Ala mutant and the
S-methylated wild-type are very similar as judged
from chemical shifts and relaxation analysis.

The new experiments for the assignment of
tryptophan side chain indole protons allow new
insights in structural and dynamical properties of
non-native proteins, such as all-Ala-HEWL, since
many important interactions in native and non-
native proteins occur on the level of the side chains.
Residue specific information on the solvent acces-

sibility of tryptophan side chains as obtained by
photo-CIDNP experiments could yield important
insights into residual structure and hydrophobic
clustering. Relaxation studies of single tryptophan
indole resonances would allow for information on
dynamical properties of these side chains and the
comparison with the backbone data.
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