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NaCl-induced aggregation of hen egg white lysozyme (HEWL) was monitored by NMR spectros-
copy. Small, but significant, changes induced by salt addition in TOCSY spectra were attributed 
to the effect of local reorganization of protein backbone upon ion binding. Salt-induced varia-
tions in HN and Hα chemical shifts were mapped on the HEWL 3D structure which allowed the 
construction of a scheme of the spatial localization of potential ion binding sites. It was found 
that in a 0.5 M NaCl solution six chloride anions and at least one sodium cation are bound to 

preferred sites on the HEWL surface. 
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INTRODUCTION

Hen egg white lysozyme aggregation offers 
a model for investigation of the process of protein 
crystallization. Theoretical studies on the kinetics of 
crystal nucleation predicted formation of fractal-like 
aggregates as morphologically unstable intermedi-
ates during the crystal growth (Xiao et al., 1988; 
Alexander, 1995). Since that time HEWL aggrega-
tion has been intensively studied by numerous ex-
perimental techniques, including light scattering 
(Tanaka et al., 1996; Georgalis et al., 1997; Georgalis 
& Saenger, 1999; Poznański et al., 2005a), neutron 
scattering (Niimura et al., 1994), X-ray diffraction 
(Narayanan & Liu, 2003), NMR (Price et al., 2001; 
Poznański et al., 2005a) and calorimetry (Schall et 
al., 1996; Georgalis et al., 1997; Poznański et al., 2004; 
2005b). Results of all these studies pointed out that 
the observed concentration dependence of the salt-
induced protein aggregation is due to the screening 
of electrostatic interactions by nonspecific binding of 
electrolyte counter ions to the charged solvent-ex-
posed functional groups, which in turn reduces in-
termolecular repulsion forces (Ries-Kautt & Ducruix, 
1989; Georgalis et al., 1999; Retailleau et al., 2002). 
Fluorescence quenching studies proved that in di-

luted solution HEWL binds weakly 21–23 chloride 
anions per molecule (Sibille & Pusey, 1994), which 
is consistent with the results of calorimetric titration 
experiments (Poznański et al., 2004). High-resolu-
tion crystal structures of HEWL determined for its 
triclinic (Walsh et al., 1998), monoclinic (Steinrauf, 
1998), orthorhombic (Oki et al., 1999) and tetragonal 
(Lim et al., 1998; Vaney et al., 2001; Sauter et al., 2001) 
forms demonstrated the presence of up to eight well 
resolved chloride anions in the crystal cell (Dauter & 
Dauter, 1999). Iodide anions were also found to sub-
stitute in HEWL crystals some of water molecules in 
the ordered solvation shell, occupying partially over 
a dozen of weekly binding sites (Dauter et al., 2000). 

Calorimetric measurements confirmed the oc-
currence of an aggregation process preceding protein 
crystallization (Georgalis et al., 1997; Poznański et 
al., 2004) and demonstrated that the specific salting 
out effect becomes the largest in about 0.6 M NaCl 
solution (Poznański et al., 2005b). The early steps of 
salt-induced HEWL aggregation followed by time-
resolved dynamic light scattering (DLS) have shown 
a systematic increase of the aggregates’ size during 
the first hours after protein dissolution (Poznański 
et al., 2005a). A systematic decrease of translational 
and rotational diffusion rates, monitored by NMR 
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methods, indicated that the efficient buildup of still 
larger systems is initiated about 76 h after the addi-
tion of 0.5 M NaCl (Poznański et al., 2005a). To get 
a deeper insight into the mechanism of the protein 
salting out phenomena, in this work salt-induced 
variations in 1H NMR spectra of HEWL were moni-
tored and analysed in terms of changes induced in 
the protein structure.

MATERIALS AND METHODS

Hen egg white lysozyme was purchased from 
Fluka (Lot no. 62970) and further purified by dialy-
sis against water (deionization) and then lyophilized. 
The final purity of HEWL was checked by mass 
spectrometry, as described previously (Poznański et 
al., 2003). NaCl used in the experiment was of the 
analytical grade. All experiments were performed in 
0.1 M sodium acetate buffer at pH 4.25. Stock salt 
solutions were prepared by weight. Protein concen-
tration was determined spectrophotometrically at 
280 nm (Shimadzu UV/VIS 2401-PC) assuming an 
absorption coefficient of 26.4 for 1% (w/v) HEWL so-
lution in a 1 cm cell (Anue & Tanfort, 1969). All the 
solutions were prepared using distilled and deion-
ized water.

NMR experiments were carried on a Varian 
Unity Plus 500 MHz NMR spectrometer at 298 K us-
ing 2.1 mM HEWL solution in the pure buffer and in 
the presence of 0.3 or 0.5 M NaCl. 1H-1H 2D-TOCSY 
and 2D-DOSY spectra were cyclically recorded from 
about 45 min up to about 96 h after mixing of lys-
ozyme and NaCl solutions (including 30 min of ac-
quisition time). 

NMR spectra were processed with the aid 
of NMRPipe software (Delaglio et al., 1995) using 
standard methods of π/2 square sine-bell filtering 
and zero-filling preceding Fourier transform in both 
direct and indirect frequency dimensions. The spec-
tra were analyzed using Sparky program (Goddard 
& Kneller, 2003). Resonance assignment was adopt-
ed from BioMagResBank BMRB4562 record (Wang et 
al., 2000).

Structure-related analyses were carried out 
with the aid of MolMol program (Koradi et al., 1996) 
and HEWL structure was taken from Protein Data 
Bank 1lks record (Steinrauf, 1998).

RESULTS AND DISCUSSION

Kinetics of HEWL aggregation was followed 
by NMR spectroscopy. A comparison of TOCSY 
spectra for a 2.1 mM protein solution in 0.5 NaCl re-
corded 45 min and 96 h after protein dissolution did 
not show any significant time-dependent changes in 

the resonance locations. This indicates a lack of any 
significant changes in the HEWL backbone confor-
mation upon aggregation and points towards a frac-
tal-like organization of the aggregates. In such case, 
the relatively sparse intermolecular contacts in the 
fractal network apparently do not influence the av-
eraged chemical neighborhood of the protein back-
bone, and, in consequence, the proton chemical shifts 
remain unchanged. Representative fragments of su-
perimposed TOCSY spectra are presented in Fig. 1. 
A detailed analysis of the resonance line-shapes 
proved that despite the lack of aggregation-induced 
changes in the positions of the resonance lines they 
are broadened due to an increased efficiency of nu-
clear relaxation in the aggregated protein. Generally, 
the larger a protein is (or the slower its tumbling in 
solution), the wider are the resonance lines. 

A comparison of the TOCSY spectra of HEWL 
recorded at different NaCl concentrations (Fig. 1, 
bottom) demonstrated the occurrence of changes in 
the position of numerous resonance lines. However, 
positions of some of the lines remained unchanged. 
These observations can be explained in the follow-
ing way. The bound ions may affect the proximal 
amino-acid residues according to two alternative 
mechanisms. The first one involves their direct 
electrostatic interaction with atomic electron shells, 
which influences the magnetic screening of nuclei 
causing changes in proton chemical shifts resulting 
in a movement of signals in the TOCSY spectrum. 
According to the second mechanism, ion binding 
may induce small conformational changes in the 
protein structure affecting the nuclear resonance fre-
quencies. For heavy atoms, 13C or 15N, the second 
mechanism is expected to dominate. 

In the three TOCSY spectra presented in Fig. 1 
signals from Val2, Asn39, Thr43, Asp52, Cys64, and 
Asp119 overlap precisely, indicating that no changes 
in the protein structure are induced by salt addi-
tion. Some weak signals (Thr51, Asn59, Arg68, and 
Asp101) disappear, which can be attributed to the 
effect of signal broadening caused either by changes 
in the mobility of the amino-acid residues or by their 
direct interaction with weekly bound salt ions. A 
third group of signals, represented by Asn46, Asp66, 
Leu84, experience some changes upon addition of 
0.3 M NaCl, but a further increase in salt concentra-
tion does not affect their position. The last group, 
represented by Ser60, Asn65, Ile78 and Cys94, exhib-
its systematic changes of resonance position with an 
increase in salt concentration.

The individual patterns of resonance response 
to salt addition allow the identification of the protein 
regions involved in ion binding. The average chang-
es in resonance position, defined as the geometrical 
shift in the TOCSY spectrum, could be thus assigned 
to particular residues in the protein sequence, and, 
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in consequence, mapped on the three-dimensional 
protein structure. The spatial localization of residues 
experiencing the largest changes in chemical shift 
corresponds to the putative ion binding sites. In Fig. 
2 changes in chemical shifts induced by addition of 
0.5 M NaCl are mapped on the HEWL structure. 
The width of the tube following the protein back-
bone represents the observed salt-induced 1H chemi-
cal shift variations.

According to the results presented in Fig. 2, 
there are at least seven regions in the HEWL struc-
ture which experience large changes in proton 
chemical shifts upon salt addition. Localization of 
six of them remains in agreement with the partial 
occupancy of iodide anions found in HEWL crystal 
structure (Steinrauf, 1998; Evans & Bricogne, 2002); 
the seventh one, found in the proximity of the pro-
tein cleft, is distant from any of the potential anion-
binding sites, but its localization is similar to that of 
a sodium cation in HEWL crystal structure (Evans 
& Bricogne, 2002). It can be thus concluded that the 
NMR measurements allowed proposing the spatial 
localization of anions weekly bound to amino-acid 
residues on the HEWL surface. The data proves also 
that in aqueous solution in the presence of salt at 
least one cation is also bound to the HEWL surface 
in the proximity of the cleft region. In view of these 
findings the process of HEWL crystallization should 

Figure 1. Effect of NaCl on 1H 
TOCSY spectra of HEWL.
Comparison of the spectra re-
corded in 0.5 M NaCl aqueous 
solution 45 min (black) and 96 
h (grey) after salt addition (top), 
and spectra of aqueous (grey), 
0.3 M NaCl (dotted) and 0.5 M 
NaCl (black) HEWL solution re-
corded 45 min after sample pre-
paration (bottom). Resonance 
assignment is adopted from Bio-
MagResBank BMRB4562 record 
(Wang et al., 2000).

Figure 2. 1H NMR chemical shift changes of HEWL 
Hα and HN resonances upon addition of 0.5 M NaCl 
mapped on the protein structure.
The width of the tube following the protein backbone 
trace (1lks PDB record, Steinrauf, 1998) is proportional to 
the determined resonance movement in the TOCSY spec-
trum. Small grey balls mark the Cα atoms of the residues 
for which the chemical shifts were determined while black 
ones mark residues for which the signals were not de-
tected. Side-chains of charged residues are represented as 
light grey or dark grey balls corresponding to acidic and 
basic residues, respectively. In the bottom pair, the local-
ization of iodide (light spheres) and sodium (dark sphere) 
ions is presented, according to the 1lkr (Steinrauf, 1998) 
and 1gwd (Evans & Bricogne, 2002) PDB records.
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be reinterpreted to include both anion and cation 
concentration effects. Moreover, also the purity of 
all the buffers used routinely in sample preparation 
should be judged taking into account both anion and 
cation types introduced to the protein solution.
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