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Lysozyme from Taiwanese soft-shelled turtle (SSTLB) has been purified from turtle
egg white and crystallized. The crystals diffract X-rays beyond 2 Å resolution and
belong to the orthorhombic P212121 space group containing one molecule per
asymmetric unit. The structure was elucidated using pheasant egg-white lysozyme
as the molecular replacement search template. The overall structure of SSTLB is
very similar to that of hen egg-white lysozyme (HEWL). Nevertheless, Pro104 in the
substrate subsite A and other amino acids in the substrate subsites E and F differ
from those of HEWL. These substitutions result in local conformational differences in
the substrate binding sites of the two enzymes, effecting substrate binding and
transglycosylation efficiency, translating into differing ranges of products.
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Abbreviations: HEWL, hen egg-white lysozyme; JSSTL, Japanese soft-shelled turtle lysozyme; NAG,
N-acetylglucosamine; NAM, N-acetylmuramic acid; PDB, Protein Data Bank; PEWL, pheasant egg-white
lysozyme; RMSD, root-mean-square deviation; SDS–PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; SSTLA and SSTLB, Taiwanese soft-shelled turtle lysozymes A and B.

INTRODUCTION

Lysozyme (EC 3.2.1.17) is an enzyme found in egg white,
tears and other secretions. This enzyme provides protec-
tion against certain bacterial invasions by cleaving the
b-linkage between N-acetylmuramic acid (NAM) and
N-acetylglucosamine (NAG) of the bacterial cell-wall
peptidoglycan layer, leading to bacterial cell lysis. This
property of lysozyme has led to its utilization in the
pharmaceutical and food industries. Lysozyme is used in
hemorrhoid treatment (Siduol) and as an additive to
cow’s milk making it resemble more closely the proper-
ties of human breast milk (1). In addition to hydrolysis
activity, lysozyme also catalyses transglycosylation (2).
The molecular mechanism of this highly efficient process
remains enigmatic. It is known that amino acids in the
substrate-binding subsites E and F affect the efficiency of
tranglycosylation (3). Substrates are thought to bind to
‘Asn46-wall’ and ‘Arg114-wall’ of the E and F binding
subsites, respectively (4) during the transglycosylation
process. Thus, information on 3D structures of subsites
E and F is needed to further understand the reaction
mechanism and specificity of transglycosylation in lyso-
zyme catalysis.

Lysozymes from various organisms have earlier been
classified into three different types, namely chicken-type
or C-type (5–7), goose-type or G-type (8–10), and T4
phage-type or Phage-type (11, 12) based on their sources
and molecular properties. The sequence, structure and
function of hen egg-white lysozyme (HEWL) have been
extensively studied making this C-type lysozyme the
most widely used standard for lysozyme studies. The
pheasant egg-white lysozyme (PEWL, Phasianus colchi-
cus) is also classified as C-type based on its overall
structural features (13). Recently, a novel member of the
lysozyme family, invertebrate-type or I-type lysozyme,
has been identified. This discovery created much interest
because of differences in the primary structure compared
with the previously known lysozymes, namely the differ-
ent number of cysteine residues and the lack of conser-
vation of the second catalytic amino acid (the active
aspartate) (14).

Although the crystal structures and activities of many
types of lysozyme have been studied, information con-
cerning reptile lysozymes is less abundant. Lysozymes
from egg white of tortoises and turtles were among the
first reptilian enzymes purified since 1977 (15). Shortly
after, a crystal structure of tortoise egg white lysozyme
at 6 Å resolution was reported (16). The study of amino-
acid sequence and activity of Japanese soft-shelled turtle
lysozyme (JSSTL) was the first lysozyme from a reptilian
source to be characterized in detail (17). Compared with
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HEWL, different amino acids are present in all six
substrate-binding sites of JSSTL. At subsites E and F,
the amino acids His35, Tyr46, Arg48 and Tyr116
(corresponding to Phe34, Arg45, Thr47 and Arg 114 of
HEWL, respectively) are thought to contribute to the
reduction of rate constant for glycosidic cleavage and the
increase in free energy of binding at both subsites (17).
Novel lysozymes from common Thai turtles, Asiatic soft-
shelled turtle (Amyda cartilagenea), soft-shelled turtle
(Trionyx sinensis) and green sea turtle (Chelonia mydas)
were recently purified and characterized (18). T. sinensis
possesses at least two C-type lysozymes (SSTLA and
SSTLB), which differ in activity, although the basis of
this difference at primary structure level is unknown.
Here, we have purified SSTLB, a 14.8-kDa single peptide
chain of 131 amino-acid residues with 100% identical
sequence to that of JSSTL, and elucidated its tertiary
structure by X-ray analysis. The structure reveals the
first indication of the basis of specificity and provides a
valuable framework for understanding the evolution of
reptilian lysozymes.

EXPERIMENTAL PROCEDURES

Purification and Crystallization—Freshly laid eggs
from soft-shelled turtles (T. sinensis Wiegmann) were
purchased from a local breeding farm. SSTLB was
purified following the published protocol (18). Briefly,
the egg white was diluted with two volumes of 0.03 M
phosphate buffer, pH 7.0 and centrifuged at 12,000� g
for 15 min. The supernatant was subjected to isoelectric
precipitation at pH 4.0 or 7.0 by using 1 M HCl or 1 M
NaOH for pH adjustment, and then centrifuged at
12,000� g for 30 min. The clarified supernatant was
applied to a CM-Toyopearl 650 M cation exchange
column (1.3� 90 cm) equilibrated with 0.03 M phosphate
buffer, pH 7.0. The enzyme was eluted with a linear
gradient of NaCl from 0 to 0.25 M in 0.03 M phosphate
buffer, at a flow rate of 15 ml h–1. The eluted enzyme was
dialysed against distilled water. The molecular weight of
the purified SSTLB was determined on 12.5% gel SDS–
PAGE as described by Laemmli (19), by using the low
molecular weight calibration kit for SDS electrophoresis
(GE Healthcare Life Sciences) as a standard protein set.
The enzyme concentration was determined by the BCATM

Protein Assay Kit (Pierce) standardized against bovine
serum albumin.

Orthorhombic crystals were obtained from (2 + 2ml)
protein drops using 20 mg ml–1 purified SSTLB and 30%
(w/v) polyethyleneglycol 8000, 0.2 M ammonium sulfate,
0.1 M sodium cacodylate, pH 6.5 as a precipitant in
sitting-drop vapour-diffusion experiments at 188C. For
data collection, the crystals were vitrified in cold
nitrogen stream (–1708C) after a 10–15 s transfer to a
cryoprotectant solution, 30% (w/v) polyethylenelycol 8000
and 0.2 M ammonium sulfate in 0.1 M sodium cacodylate,
pH 6.5 containing 20% (v/v) glycerol.

Data Collection—A crystal (440� 80� 20 mm3) of
SSTLB diffracted X-rays beyond 2.0 Å resolution on a
Rigaku/MSC R-AXIS IV++ detector using an RU-H3R
rotating anode generator running at 50 kV and 100 mA,
with Osmic Blue confocal focusing mirrors and a 0.3 mm

collimator. Diffraction data were recorded over an
858 rotation of the crystal around the phi axis with an
oscillation width of 18 per image. The integrated inten-
sities were obtained using the program CrystalClear/
D�TREK (20).

Structure Determination and Refinement—Initial
phases of the SSTLB structure were determined by the
molecular replacement technique with the AMoRe pro-
gram (21) in the CCP4 package (22), using a probe model
of the pheasant egg-white lysozyme (PDB code 1GHL)
(13). Restrained refinement was performed in the pro-
gram REFMAC5 (23). Manual rebuilding of the model
was achieved with the graphic program O (24) based
on 2|Fo|–|Fc| and |Fo|–|Fc| electron density maps.
Stereochemistry of the final model was assessed with the
program PROCHECK (25). Amino-acid sequences were
aligned with CLUSTAL W (26) and displayed with
ESPript (27) using BLOSUM62 score with cut-offs of
0.2 global score and 0.5 diff score. Figures containing
structural representations were generated with the pro-
gram MOLMOL (28).

RESULTS AND DISCUSSION

Structure Determination and Analysis—X-ray diffrac-
tion data from an SSTLB crystal were collected with
statistics shown in Table 1. The VM value of 2.57 Å3 Da–1

falls within the normal range observed for protein
crystals (29), and suggests that there is one molecule
per asymmetric unit. The crystal structure of SSTLB was
initially phased with the molecular replacement tech-
nique using PEWL as a template because of its 70%
identity with SSTLB. The search produced an R-factor
of 42.4% and 60.6% correlation on amplitudes at 3 Å
resolution after the initial rigid-body fitting. Iterative
model rebuilding and refinement resulted in the final
R-factor of 20.7% at 1.9 Å resolution with 1,136 atoms in
the model.

Table 1 also provides statistical information of the
structure refinement. Analysis of the main-chain torsion
angles shows that 88.7% of the non-glycine residues are

Table 1. Data collection and refinement statistics.

Parameters SSTLB

Unit cell length (Å) a = 37.8, b = 55.6, c = 72.2
Unit cell volume (Å3) 151,536
Resolution rangea (Å) 33.46–1.9 (1.97–1.90)
Completenessa (%) 99.4 (95.1)
No. of observed reflections 82,161
No. of unique reflections 12,477
Rmerge (%)a 4.6 (21.4)
Refinement resolution range (Å) 17.2–1.9
No. of protein atoms 1,032
No. of water molecules 99
No. of sulfate ions 1
RMSD bond lengths (Å) 0.014
RMSD bond angles (8) 1.327
R-factor (%) 20.7
Rfree (%) 23.2
Average B factor for all atom (Å2) 21.15
aValues in parentheses belong to the data in the outermost shell.
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located in the most favoured regions of the
Ramachandran plot, and the remaining 11.3% are in
the additionally allowed regions. The electron density
map calculated at 1.9 Å resolution is shown in Fig. 1
around the active site, as well as the vicinities of Pro104
and Gly49, respectively. Coordinates and structure
factors of SSTLB have been deposited in the Protein
Data Bank (PDB code 2GV0).

Overall Structure of SSTLB—SSTLB adopts the
standard HEWL fold, containing two sub-domains
separated by the active-site cleft as shown in Fig. 2.
The active-site residues Glu36 and Asp54 lie in a water-
filled cleft at substrate-binding subsites C and D
(Fig. 1A). This solvated region may allow the substrate
to diffuse into the active site of SSTLB in a similar
fashion to other lysozymes (30, 31). One of the

subdomains is almost entirely comprised of b-sheet
structure (encompassing residues 1–4 and 39–62). The
second sub-domain is mainly composed of a-helical
structure (residues 6–36, 91–116 and 123–126). The two
sub-domains are linked by a helix (residues 83–85).
SSTLB has four disulfide bridges formed by pairs of
cysteine residues (7:129), (31:117), (66:82) and (78:96)
(Fig. 2A). These disulfide bridges are equivalent to those
found in HEWL, PEWL and JSSTL (17, 32) (Fig. 3).
These data support the notion that the four disulfide
bridges are critical to structural integrity of this group of
lysozymes. Hill et al. (33) have shown that the reduction
of one of the four disulfide bridges (6:127) in HEWL
creates a flexible C-terminus and in turn exposes
ubiquitination sites (Lys1/Lys13), leading to degradation
of the lysozyme.

Fig. 1. Stereo views of SSTLB electron density around (A)
the active site, (B) Pro104 and (C) Gly49. The electron
density (2|Fo|–|Fc|) map is calculated at 1.9 Å resolution and
contoured at 1.25�. Tight-binding water molecules are depicted

as spheres. The active-site residues Asp54 and Glu36, as well as
key residues that differ from HEWL and PEWL are drawn with
white carbon atoms and labelled.
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Structural Comparison—Comparison of the primary
structures between SSTLB and HEWL, PEWL or
JSSTL (Fig. 3), reveals high sequence identity (67%,
70% or 100%, respectively). SSTLB, JSSTL and PEWL
have an extra Gly residue at the N-terminus in compar-
ison with HEWL. The inserted Gly residue arises from
an unusual proteolytic processing of prelysozyme
between X-Gly rather than the more typical Gly–Lys
(17, 34).

Superposition of the main-chain structures of SSTLB,
HEWL and PEWL is shown in Fig. 2B. All three struc-
tures are highly similar as characterized by RMSD over
all Ca atoms of 0.44, 0.62 and 0.69 Å for the pair-wise
comparison of HEWL:PEWL, SSTLB:PEWL and SSTLB:
HEWL, respectively. These values suggest SSTLB is the
outlying structure within this group. Despite the

similarity in the overall tertiary structures of these
three enzymes, three major disparities are notable
(Fig. 2B).

First, the presence of Pro104 in SSTLB instead of a
glycine as found in HEWL and PEWL provides an
alternate backbone route for the turn in which these
helix-breaking residues lie (Figs 1B, 2B and 3). The side
chain of this proline also extends into the substrate
binding site, suggesting there might be a slightly differ-
ent substrate recognition. A previous study comparing
the activities of two lysozymes that only differ at this
position (either glycine or arginine) has demonstrated
that this residue at subsites A–C affects the pattern of
reaction products between the two enzymes (17).

The second difference occurs as small dislocation of
a helix (residues 110–117, Fig. 2B). This displaced

Fig. 2. Stereo views of lysozyme structures. (A) Ribbon
diagram showing the backbone structure of SSTLB. (B) Compari-
son of lysozyme structures. Active-site residues Glu36 and Asp54
of SSTLB are drawn as ball-and-stick model with cyan bonds and
are labelled as are the termini. (A) The a-helix structures are
shown in pink helices and the b-sheet structures in green arrows.
SSTLB has four disulfide bridges (depicted in yellow) formed by
the pairs of cysteine residues (7:129), (31:117), (66:82) and
(78:96). The sulfate ion found in the structure is also shown.
The ‘Arg114-wall’ and the ‘Asn46-wall’ of substrate binding
subsites E and F, named after the HEWL numbering, are
referred to the surfaces outlined by His35, Glu36, Ala112
and Tyr116 (magenta), and residues 46–51 (cyan), respectively.
(B) Superposition of the Ca-traces of SSTLB (red) with HEWL

(blue) and PEWL (yellow) shows similarity of the overall
structures among the three lysozymes. The inserted residue
Gly49 of SSTLB is represented by a green sphere. Slight
dislocation of the helix formed by residues 110–117 may be
contributed by p–p stacking interaction between side chains
of His35 and Tyr116, which are drawn with orange bonds.
(NAG)3 from the structure of HEWL (PDB code 1HEW) has been
superimposed and drawn as light blue semitransparent
surface to indicate substrate-binding subsites A–C. Pro104 of
SSTLB drawn with red bonds would clash with the substrate
(NAG)3 if it were present in the SSTLB structure in this binding
orientation. This suggests that a slightly different binding
mode would be adopted resulting in different substrate
recognition.
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structure appears to be stabilized by the pi–pi interaction
between His35 and Tyr116 that are part of the ‘Arg114-
wall’ of subsites E and F (Fig. 2). These residues
correspond to Phe35 and His115 of PEWL, and Phe34
and Arg114 of HEWL, respectively (Fig. 3). Amino-acid
substitutions on the ‘Arg114-wall’ of subsites E and F in
duck egg-white lysozyme (Phe34 to Tyr and Asn37 to
Ser, equivalent to His35 and Asn38 of SSTLB) cause a
reduction of transglycosylation rate (35). Mutation of
Arg114 to His of HEWL (corresponding to Tyr116 of
SSTLB) results in the decreases of not only the binding
free energy for subsites E and F but also the rate
constant of transglycosylation (36). Similarly, Kawamura
et al. have reported that Asn37 (Asn38 of SSTLB) is
involved both in substrate binding and transglycosylation
activities (37). Hence, the non-conserved amino acids and
resulting small dislocation of the helix on the ‘Arg114-
wall’ of subsites E and F of SSTLB may be expected to
affect substrate binding at this site and possibly its
transglycosylation activity.

The final difference occurs in a structurally variable
loop that comprises the ‘Asn46-wall’ of subsites E and F
(Fig. 2). Here, residues Tyr46, Arg48 and Gln51 (Fig. 1C)
correspond to arginine, threonine and glycine, respec-
tively, in both HEWL and PEWL (Fig. 3). Furthermore,
SSTLB possesses an extra glycine at position 49 (Figs 1C
and 3) as compared with HEWL and PEWL. Together,
these amino-acid differences provide a distinct pattern of
interactions and ultimately a different loop structure.
Again, substrate binding may be affected by the altered
surface properties and the distinctive loop conformation.

Although all three enzymes exhibit different crystal
packing, the greater similarity in both primary and
tertiary structures between HEWL and PEWL suggests
that the structural divergence of SSTLB is amino-acid
derived. JSSTL shares 100% sequence identity to SSTLB
and demonstrates delayed substrate degradation and
altered product pattern in comparison with HEWL (17).
The structural variation arising from amino-acid

differences in subsites A–C as well as both ‘Asn46-wall’
and ‘Arg114-wall’ of subsites E and F is likely respon-
sible for this diversity in substrate binding and trans-
glycosylation kinetics. This work, therefore, represents a
basis on which to understand SSTLB specificity. The
structures of SSTLB/substrate complexes and the precise
roles of the critical amino acids identified here will be
further investigated in future work.
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