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Abstract

Hen egg-white lysozyme (HEWL) is widely used as a
model protein, although its purity has not been
adequately characterized by modern biochemical tech-
niques. We have identified and quantified the protein
heterogeneities in three commercial HEWL prepara-
tions by sodium dodecyl sulfate polyacrylamide gel
electrophoresis with enhanced silver staining, reversed-
phase fast protein liquid chromatography (FPLC) and
immunoblotting with comparison to authentic protein
standards. Depending on the source, the contaminating
proteins totalled 1-6% (w/w) and consisted of ovotrans-
ferrin, ovalbumin, HEWL dimers, and polypeptides
with approximate M, of 39 and 18kDa. Furthermore,
we have obtained gram quantities of electrophoretically
homogeneous [> 99.9%(w/w)] HEWL by single-step
semi-preparative scale cation-exchange FPLC with a
yield of about 50%. Parallel studies of crystal growth
kinetics, salt repartitioning and crystal perfection with
this highly purified material showed fourfold increases
in the growth-step velocities and significant enhance-
ment in the structural homogeneity of HEWL crystals.

1. Introduction

Over the last few years it has become apparent that
protein crystallization is influenced by impurity levels
that are widely considered inconsequential for biochem-
ical studies; see, in particular, a series of studies by
Giegé and coworkers (Giegé et al., 1986; Lorber &
Giegé, 1992; Lorber, Skouri, Munch & Giegé, 1993;
Skouri, Lorber, Giegé, Munch & Candau, 1995).
Ideally, proteins utilized in crystallization and crystal-
lography studies have uniform physical and biochemical
properties. In practice, however, even most modern
biochemical preparation techniques, such as high-
performance liquid chromatography (HPLC), can only
minimize, but not eliminate protein heterogeneity.
Hence, proteins must be viewed statistically as popula-
tions of molecules defined by limits on a range of
commonly held characteristics. For definitive, repro-
ducible crystallization studies, the heterogeneity of
protein samples needs to be minimized and quantified.
Such quantitative definitions of protein preparations
typically require the synergistic application of various
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bioanalytical techniques, such as electrophoresis,
immunoassay, spectrophotometric assays and high-
performance liquid chromatography.

Hen egg-white lysozyme (HEWL), E.C. 3.2.1.17
mucopeptide N-acetylmuramoyl-hydrolase, has been the
protein most widely used in crystallization studies.
Despite this central role, the heterogeneity of HEWL
has not been adequately defined by modern biochemical
techniques. Increased purity of HEWL has been
recognized by various investigators as important for
crystal growth and further purification was attempted
(Durbin & Feher, 1986). Similarly, Abergel, Nesa &
Fontecilla-Camps (1991) deliberately introduced pro-
tein contaminants into turkey egg-white lysozyme
solutions, and found that nucleation and crystal
morphology were affected. Monaco & Rosenberger
(1993) observed the formation of macrosteps or step
bunching on growing HEWL crystal surface at low
supersaturations, which is indicative of the presence of
large protein impurities. Macrostep formation and
growth cessation at low HEWL supersaturations were
also more pronounced in a relatively impure HEWL
preparation than in a preparation believed to possess
greater purity (Vekilov, 1993; Vekilov, Ataka &
Katsura, 1993, 1995). These studies also revealed
lower normal growth rates and lower tangential
(average step) velocities in growth from the less pure
solutions.

In this study, we define HEWL purity utilizing highly
resolving and sensitive biochemical techniques. In
addition, we describe the purification of a commercial
HEWL preparation to electrophoretic homogeneity
[> 99.9% (w/w)].

2. Materials and methods

HEWL preparations referred to as SG, BM and SK,
respectively, were obtained from Sigma Chemical Co.
(St Louis, MO, USA), Boehringer Mannheim (India-
napolis, IN, USA) and Seikagaku America, Inc.
(Tjamsville, MD, USA). Buffers, reagents, trimethyl-
chlorosilane, ovalbumin (OVA), ovotransferrin (OVT,
conalbumin), ovomucoid, rabbit anti-avidin antibody
and rabbit anti-ovalbumin antibody were obtained from
Sigma. The Microccus luteus substrate for HEWL
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activity analysis was obtained from Boehringer Mann-
heim. Goat anti-rabbit IgG (HRP conjugate), rabbit
anti-HEWL antibody, acetonitrile (ACN), trifluoroace-
tic acid (TFA) and an octadecyl bonded phase, 5pum
particle size, 300 A pore size, 12.5cm length x 0.46cm
internal diameter HPLC cartridge were acquired from
Fisher Scientific (Pittsburgh, PA). A Milli-RO/Milli-Q
water purification system, Sterivex 0.45 pm and Millex-
HV0.45um filters from Millipore (Bedford, MA,
USA) were used.

2.1. Polyacrylamide gel electrophoresis and blotting

Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) analyses were carried out with a
PhastSystem electrophoresis unit (Pharmacia Biotech,
Uppsala, Sweden) utilizing 12.5%T, 2%C homoge-
neous and 8-25%T, 2%C gels. Coomassie brilliant blue
R-250 staining solutions contained 0.1%(w/w) dye,
10% acetic acid and 20% ethanol (Neuhoff, Stamm &
Eibl, 1985). Gels were stained for 1 h, then destained in
the same solution-less dye. A silver staining protocol
(Heukeshoven & Dernick, 1985) and an enhanced silver
staining protocol (Heukeshoven & Dernick, 1988) were
used. Both were silver nitrate methods adapted for use
in the PhastSystem. Diffusion (Western) blotting to
nitrocellulose membranes was accomplished, with the
membranes soaked and transferred in 20 mM CAPS
buffer pH =11.0, 0.2MNaCl, for HEWL dimer
identification (Gianazza et al., 1995). For OVA
identification, the membranes were soaked and trans-
ferred in water. Both transfers were made by simple
diffusion on the PhastSystem separation bed at 343 K.
Horseradish peroxidase (HRP) conjugate and 4-chloro-
1-naphthol substrate system was used to develop the
blots. Rabbit antibodies to HEWL, OVA and avidin
were used as primary antibodies with a goat anti-rabbit
IgG secondary antibody conjugated to HRP. Gels and
blots were scanned for densitometric quantification as
suggested by Patton (1995). The OVA protein standard
was obtained in two forms (Sigma Chemical Co.). One
contained S ovalbumin resulting in two bands (two
band) in SDS-PAGE and reversed-phase FPLC, while
the other did not (one band). OVA with the single band
was used for quantitative analysis, although two-band
OVA yielded similar results.

2.2. Fast protein liquid chromatography (FPLC)

The FPLC system used was a basic Pharmacia unit
with a 280 nm fixed-wavelength detector, two pumps
and a simple controller/integrator. Cation-exchange
FPLC (CIE FPLC) was performed with a HiLoad
26/10 SP Sepharose high performance column. SK (2 g)
was purified by dissolving it in 100 ml of 5 mM sodium
acetate buffer pH = 4.5, passing it through a Sterivex
0.45 um filter, then loading it onto the CIE column in
the same buffer. The column was equilibrated with
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200 ml of 20 mM CAPS buffer pH = 11.0 and then the
HEWL was eluted at 8 mlmin~' with a linear salt
gradient to 0.2M in 1h. The HEWL peak eluted at
about 0.1 M NaCl. Each 8 ml fraction was collected into
0.1 ml of 0.8 M sodium acetate buffer to bring the pH of
the solution to 4.5. Fractions were stored at 278 K.
Aliquots (10 pl) of each fraction were diluted into 1 ml
water in test tubes silanized with trimethylchlorosilane
and their 280nm absorbance was measured and
converted to HEWL concentration with
2.64 AU = 1 mgHEWL ml~'. The same samples were
used for specific activity determinations with 10 pl
aliquots of each diluted fraction added to a 1 ml reaction
mixture containing 3mg Micrococcus luteus substrate
10ml~" of 40 mM sodium phosphate buffer pH = 7.0.
Activity was measured by a decrease in absorbance
from 1.0 AU at 450 nm. This procedure was similar to
that of Shugar (1952) although a more recent study has
indicated that higher pH and lower ionic strength yield
higher activity (Davies, Neuberger & Wilson, 1969).
The older method was used for better comparison to
literature activity values. Reversed-phase FPLC (RP
FPLC) analyses of HEWL samples were carried out in
the same FPLC system, employing a reversed-phase
HPLC column with a mobile phase consisting of 0.1%
TFA in water (buffer 4, pH = 2.0) with a gradient to
20% water/ACN with 0.1% TFA (buffer B). With a
0.75mlmin! flow rate the gradient was 0-30% B in
5ml, 30-40% B in 20ml and 40-100% B in 5ml. This
gradient was optimal for HEWL resolution.

3. Results
3.1. Commercial HEWL preparations

As indicated by SDS-PAGE (see Figs. la-1c¢) SG
was contaminated by M, ~ 78, 66, 28 and 18kDa
polypeptide bands. BM was contaminated by M, = 66,
28 and 18 kDa polypeptide bands. An 8-25%T SDS gel
(not shown) indicated that polypeptide bands with a
M, < 14kDa and with a M, > 78 kDa were also present
in BM. Hence, although overall more pure than SG,
BM had a wider molecular weight range of contaminat-
ing proteins. SK was contaminated only by M, ~ 39
(trace), 28 and 18 kDa polypeptide bands. Hence, SK,
which was also the most soluble preparation and
resulted in the highest recoveries of purified HEWL,
was used for further purifications; see §3.3. The SG and
BM were more difficult to filter (0.45 pm) than the SK
at 20mgml~! in 5mM sodium acetate pH = 4.5 and the
solutions were turbid.

In addition to the differences in heterogeneity of the
three preparations, Figs. 1(a)-1(c) demonstrate the
relative sensitivity of three staning techniques. Loaded
with identical samples, gel (a) was stained with
Coomassie blue, gel (b) with a silver stain and gel (c)
with a silver stain that provided enhanced sensitivity.
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by a factor of three when higher purity lysozyme is
used. X-ray topography of lysozyme crystals grown
from as received SG material also revealed highly
strained cores (Vekilov et al., 1996; Stojanoff, Siddons,
Monaco, Vekilov & Rosenberger, 1996).

4.3. Crystal quality

Beyond causing strained cores, as shown above, high
impurity levels in HEWL solutions result in other
degradations of crystal quality. As we have found
earlier, temperature changes as small as 0.1K lead to
striations, associated with the accumulation of disloca-
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Fig. 7. Dependence of growth step velocity on supersaturation o,
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Nat+ Cl- |
¥ V¥ Sigma ]
¢ ¢ Seikagaku

K Purified N

nY® = Nion NS in crystal

0.4
Crystallized fraction

1.0

Fig. 8. Ratios of Na* and Cl~! ions to lysozyme molecules in the
crystal, n°7*, as functions of crystallized fraction, for three solution
purity levels: Sigma, Seikagaku, and purified Seikagaku HEWL.
Note that n*™* decreases with crystallized fraction, and is lower for
the higher purity materials.
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tions or microinclusions (Monaco & Rosenberger,
1993). This is further illustrated in Fig. 9(a), where
heavy striations were formed in a crystal grown from
SG solution in response to AT’s of 1 K. However, when
PHEWL is used, temperature variations as large as 6 or
12K induce only faint optical inhomogeneities, Fig.
9(b). Furthermore, in contrast to Fig. 9(a), no growth
sector boundaries can be detected in this crystal at the
locations where growth layers on (110) and (101) faces
meet.

To establish whether the lower defect contents in the
crystals grown from higher purity solutions affects their
suitability for molecular structure determinations,
diffraction studies were performed (Stojanoff et al.,
1996). Crystals were grown in X-ray capillaries
(Rosenberger, Howard, Sowers & Nyce, 1993) from
SG and SK solutions under otherwise identical condi-
tions. While the SG-grown crystals diffracted only to
about 2.0 A, the crystal grown from the purer SK
solutions diffracted to the limit of the experimental
setup of 1.55A.

5. Discussion

The above work shows that commercially available
HEWL, the enzyme most widely used in fundamental
protein crystallization studies, contains several protein
impurities at the %(w/w) level. This is not surprising,
since most proteins obtained from commercial suppliers
are more than 5-10% heterogeneous. In the case of
HEWL, these contaminants are primarily due to the
purification protocols used by the manufacturers, e.g.
the ‘isoelectric method’ (Hamaguchi & Funatsu, 1959;
Tallan & Stein, 1953). The high pH used in these and
even most recently applied procedures (Awadé, Mor-
eau, Mollé, Brulé & Maubois, 1994) does not allow the
reduction of high p/ impurities (18 kDa, dimer), and
appears to facilitate the formation of covalently bound
HEWL dimers. High p/ proteins are co-purified and
potentially enriched in these HEWL purification proto-
cols.

There were, of course, earlier attempts to character-
ize and purify HEWL. Unfortunately, most purity
determinations have been based on the insensitive
Coomassie blue staining; compare Figs. 1(a), 1(») and
I(c). It has been accepted in the biochemistry commu-
nity that silver staining is the best method for
‘determining the absolute purity of a protein’ (Wirth
& Romano, 1995). However, in order to fully utilize
their sensitivity, silver staining protocols have to be
meticulously executed. For instance, on comparison of
Fig. 5 in Skouri et al. (1995) with our Figs. 1(b) and
1(c), which are all to characterize the same grade of SG
HEWL, one sees that relatively high impurity concen-
trations (which were even detected by our Coomassie
blue staining, Fig. 1a) can remain undetected. Note that
Skouri et al. (1995) also obtained bands for the OVA,
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