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A new form of avian lysozyme, bare-faced curassow lysozyme (BCL), was purified and
chemically sequenced. Of the 26 substitutions relative to chicken lysozyme, three,
F34Y, T47S, and R114H, are of substrate-interacting residues in the E and F subsites,
which would contribute to the acceptor binding for transglycosylation. T47S is a
novel substitution in this lysozyme class. While other lysozymes also have substitu-
tions at positions 114 and 34, they also contain numerous others, including ones in the
other substrate binding sites, A–D. Furthermore, T47S lies on the left side, while F34Y
and R114H are located on the right side of the E-F subsites. BCL therefore should
allow comparison of the independent contributions of these sites to substrate binding
and transglycosylation. The activity toward the N-acetylglucosamine pentamer
revealed that the substitutions at the E-F sites reduced the binding free energies at
the E-F sites and the rate constant for transglycosylation without the conformation
change of other substrate binding sites on the protein. MD simulation analysis of BCL
suggested that the substituted amino acids changed the local conformation of this lys-
ozyme at the E-F sites.
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Chicken lysozyme (HEL) is the most studied and best
characterized hydrolase; it selectively cleaves the β1-4
glycosidic bonds of N-acetylmuramic acid and N-
acetylglucosamine (GlcNAc) (1–3). The tertiary structure
of HEL revealed the state of substrate binding as well as
conformation of the binding site (4–6). Namely, the sub-
strate binding site is composed of six subsites (A-F), and
a substrate bound to the subsites is cleaved at subsites D
and E through the conventional acid catalytic reaction of
Glu35 and Asp52 (7–13). This enzyme catalyzes not only
hydrolysis of sugar chains but also a transglycosylation
reaction that requires an acceptor oligomer instead of a
water molecule for hydrolysis (14, 15). Intensive studies
on subsites of lysozyme led to the proposal of two distinct
binding modes at subsites E and F (16–18). The possible
mechanism of transglycosylation is: a sugar chain first
binds on the left side of the E and F sites and then moves
to the right side to be cleaved between sites D and E. The
acceptor for transglycosylation occupies the vacant left
side and the sugar chain at subsites A–D moves back to
the left side after releasing the sugar chain at sites E and
F to generate a new chain. However, only a little evidence
has been reported because of the difficulties of selective
characterization of sites E and F.

While the crystallographic studies of lysozymes on the

tion of sites A to C, it is difficult to obtain information on
sites E and F due to rapid hydrolysis of the substrate.
Therefore, the structures of sites D, E, and F have been
predicted by model building. We previously reported the
experimental and simulation evaluation of six subsites
using an oligomer substrate, GlcNAc pentamer (Glc-
NAc)5, followed by computer data-fitting analysis, which
enables characterization of sites E and F (19–22). Lys-
ozymes carrying the characteristic amino acid mutations
at sites E and F will provide the binding free energy of
each subsite, and the rate constants for hydrolysis and
transglycosylation with this method. However, the
change in conformation responsible for the change in
activity remains unclear with no direct method for evalu-
ating the conformation change in the presence of a sub-
strate at sites E and F. Molecular dynamics (MD), in con-
trast, provides a direct picture of movement for a mutant
lysozyme with substrate. Thus, the combination of analy-
sis of the experimental time course for an oligomer sub-
strate and MD simulation allows a more detailed charac-
terization of sites E and F.

In the present paper we report the amino acid
sequence of bare-faced curassow lysozyme (BCL) carry-
ing characteristic amino acid substitutions at sites E and
F determined by a chemical method. We also show the
effects of the amino acid substitutions for the GlcNAc oli-
gomer substrate experimentally and by MD simulation.
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MATERIALS AND METHODS

Purification of Lysozyme—Freshly laid bare-faced
curassow (Crax fasciolata) eggs were kindly given to us
by Ueno Zoological Park, Tokyo, Japan. HEL was pur-
chased from Seikagaku Kogyo Co., Japan. A water
extract of egg white was treated by isoelectric precipita-
tion at pH 4.0 and 7.0, and then the clarified solution was
put on a CM-Toyopearl column (1.5 × 46 cm) equilibrated
with 0.03 M phosphate buffer (pH 7.0). The column was
then eluted stepwise with the same buffer containing 0.3
M NaCl. The lysozyme fraction was rechromatographed
on the same column with a gradient of 0.1 M to 0.3 M
NaCl in the same buffer. Enzyme activity was monitored
as lytic activity using lyophilized cell walls of Micrococ-
cus luteus as a substrate. Lysozyme solution (10 to 100
µl) was added to the substrate suspension adjusted to OD
1.0 at 540 nm in 3.0 ml of 0.1 M phosphate buffer, pH 7.0,
and then the reduction in absorbance at 540 nm was
monitored.

Carboxymethylation and Enzymatic Digestion—Reduced
and carboxymethylated lysozyme (Cm-lysozyme) was
prepared by the method of Crestfield et al. (23). Cm-lys-
ozyme was digested with trypsin (1:50, w/w, TR-TPCK,
Cooper Biomedical Inc., USA) at pH 8.0 and 37°C for 4 h.

Peptide Mapping and Sequence Analysis—The tryptic
peptides were separated on a reversed-phase (RP) HPLC
column (ODS 120A S5, 4.0 × 250 mm, Yamamura Chemi-
cal Co., Japan) in a JASCO 800 series HPLC (Japan
Spectroscopic Co., Japan). The peptide elution was per-
formed with a linear gradient elution system of 0.1% trif-
luoroacetic acid (solvent A) and 60% acetonitrile in sol-
vent A (solvent B). A gradient of 0% to 50% of solvent B
was used for 130 min.

Tryptic peptides were hydrolyzed in evacuated sealed
tubes at 110°C for 20 h with constant boiling HCl con-
taining 0.05% β-mercaptoethanol. The resulting hydro-
lysates were analyzed with an amino acid analyzer
(Model L-8500, Hitachi Co., Japan). The amino acids of
tryptic peptides were sequenced by the DABITC/PITC
double coupling manual micro sequencing method (24,
25).

Substrate Binding—Substrate binding was deter-
mined by measurement of the fluorescence intensity
standardized as to N-acetyltryptophane with a Hitachi F-
4500 fluorescence photometer. Namely, the GlcNAc
trimer (GlcNAc)3 (0.2 × 10–4 M to 2.0 × 10–4 M) was incu-
bated with lysozyme (2.0 × 10–5 M) in 0.01M acetate
buffer, pH 5.0, for 5 min at 30°C. The reaction mixture
was measured with excitation at 291 nm and emission at
360 nm. The dissociation constant was calculated as the
amount of enzyme and substrate complex (reduction of
fluorescence intensity of reaction mixture as to that of
lysozyme) by Schatchard plotting using the equation ∆F
= –Ks × ∆F/[S] + ∆FMax (∆F: reduction of fluorescence
intensity of reaction mixture as to that of lysozyme; Ks:
dissociation constant; [S]: concentration of substrate).

Chemical Modification—Guinea fowl lysozyme (GHL)
was modified with diethylpyrocarbonate (DEP). Namely,
GHL was incubated with a 100 molar excess of DEP at
pH 6 and 25°C for 4 min in 0.1 M phosphate buffer. The
resulting reaction mixture was applied to a cation
exchange HPLC with a Biofine IEC-CM column (7.5 × 75

mm, Japan Spectro Scopic Co.) in 0.3 M ammonium ace-
tate and eluted with a linear gradient of 0.3 to 0.5 M of
the solvent to purify the modified GHL (DEP-GHL) (26).
Carboxymethylation of GHL was performed with a 100
molar excess of monoiodoacetic acid at pH 6.5 and 40°C
for 24 h. The modified GHL (CM-GHL) was purified on a
CM Toyopearl column in the same manner as described
for the “purification of lysozyme.” The obtained CM-GHL
was subjected to peptide mapping analysis. The amino
acid composition and sequence of the peptide carrying a
modified residue detected on the map was analyzed to
identify the modified residue at position 114 (His114)
(Figs. 1 and 2).

Circular Dichroism (CD) Spectra—Circular dichroism
(CD) spectra were obtained at 25°C with a JASCO J-820
spectropolarimeter. Proteins were dissolved to a final
concentration of 0.15 mg/ml in 0.01 M sodium acetate
buffer (pH 5.0). The data were expressed in terms of
mean residue ellipticity. The path-length of the cells was
0.1 cm for far-ultraviolet CD spectra (200–250 nm).

Enzyme Action—The measurement of lysozyme activ-
ity was performed by the method of Masaki et al. (19)
with a slight modification. Namely, the reaction mixture
containing 1 × 10–4 M lysozyme and 1 × 10–3 M (GlcNAc)5
was incubated in 10 mM sodium acetate buffer, pH 5.0, at
50°C. At a given reaction time, 200 µl of the reaction mix-
ture was withdrawn and rapidly chilled in a KOOL KUP

Fig. 1. Comparison of reversed-phase HPLC peptide maps of
monoiodoacetic acid–modified GHL and native GHL. The
peak indicated by an arrow in the modified GHL map was subjected
to amino acid composition and amino acid sequence analysis.
J. Biochem.
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(Towa Co., Japan). The reaction mixture was centrifuged
with Ultrafree C3LCC (Millipore Co., USA). The filtrate
was lyophilized. The dried sample was dissolved in 50 µl
of ice-cold water, and then 10 µl of the solution was
applied to a TSKgel G-Oligo-PW column (7.8 × 60 mm,
Tosoh Co., Japan) in a JASCO 800 series HPLC. Elution
was performed with distilled water at room temperature
at the flow rate of 0.3 ml/min. Each chitooligosaccharide
concentration was calculated from the peak area moni-
tored as ultraviolet absorption at 220 nm, using the
standard curve obtained for authentic saccharide solutions.

The rate equation of the lysozyme-catalyzed reaction
with the initial substrate (GlcNAc)5 was numerically
solved to obtain the calculated time-courses by the
method previously reported. In the calculation, the rate
equations were solved repeatedly while changing the val-
ues of the binding free energies at each of the six binding
subsites (A, B, C, D, E, and F), or the rate constants, k+1
(cleavage of β-1,4 glycosidic linkage), k–1 (regeneration of
glycosidic linkage), and k+2 (hydration), so that the calcu-
lated time-courses fitted those experimentally obtained
(Fig. 3).

For data fitting, the time courses were calculated
repeatedly by varying the value of the binding free
energy change for each of the subsites to obtain a mini-
mum cost function:

Here, e and c are the experimental and calculated values,
n the size of the chitooligosaccharide, and i the reaction
time. A set of values for the reaction parameters giving
the minimum value of F in the equation was regarded as
the most reliable values for the reaction parameters. For
the definition of the cost function, the data for (GlcNAc)5
in the early stage of the reaction were not used, because
the chromatographic separation of (GlcNAc)5 and (Glc-
NAc)6 was not satisfactory in the early stage of the reac-
tion and thus error could not be avoided.

MD Simulations in the ES Complex State—MD simu-
lations were performed using the Discover 95.0 program
(Molecular Simulations, San Diego, CA). The AMBER
ver.3a force field was used, and the 1–4 nonbond interac-
tions were scaled by a factor of 0.5. The distance-depend-
ent dielectric constant was used for electrostatic interac-
tion. The crystallographic complex structure of HEL and
(GlcNAc)3 was obtained from the Protein Data Bank
(PDB code: 1hew). Construction of the binding site of the
HEL-(GlcNAc)6 complex was started by adding a half-
chaired GlcNAc residue to the reducing end of (GlcNAc)3.

Fig. 2. Amino acid analysis profile and amino acid sequence
of the modified peptide indicated in Fig. 1. The peak of His
indicated by an arrow disappeared and a carboxymethylated His
residue was newly detected. The modified His residue is indicated
by an asterisk.

Fig. 3. Reaction scheme for the lysozyme-
catalyzed reaction of the GlcNAc pen-
tamer. In this scheme, k+1, k–1, and k+2 are the
rate constants for cleavage of the glycosidic
linkage, transglycosylation, and hydration,
respectively.

F GlcNAc( )n i,
c GlcNAc( )n i,

e–
n
∑

i
∑=
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After (GlcNAc)2 had been bound to the reducing end of
the (GlcNAc)4 in the complex, the initial structure of the
HEL-(GlcNAc)6 complex was constructed. In this state,
the dihedral angle (φ and ψ) of (GlcNAc)6 was rotated to
avoid steric conflicts. To construct an energetically stable
structure, energy minimization was performed until the
maximum derivative was less than 0.5 kcal/mol.

The structure of BCL was constructed based on HEL.
After 26 amino acid residues of HEL had been replaced
using the Insight II package (Molecular Simulations, San
Diego, CA), the optimum direction for each side chain
was searched for. The conformational structure of the
BCL-(GlcNAc)6 complex was constructed as in HEL-(Glc-
NAc)6 complex.

After the minimization, the complex structure was sol-
vated with a 12.0 Å layer of water molecules and mini-
mized until the maximum derivative was less than 0.5
kcal/mol.

The minimized coordinates were used as a starting
point for NVT (constant volume and temperature) molec-
ular dynamics at 300 K to generate possible stable con-
formations. The system was warmed to 300 K. After a
100 fs equilibration stage, the simulations were contin-
ued at 300 K for 200 ps using a 1.0 fs time step. The sim-
ulations were carried out using the Verlet velocity algo-
rithm and the structures were stored in a computer every
1.0 ps (27).

For MD simulations in the non-complex state, the crys-
tallographic complex structure of HEL was obtained from

the Protein Data Bank (PDB code: 1hel). BCL and GHL
were constructed by replacing 26 and 10 amino acid resi-
dues of HEL, respectively. After the minimization, the
structure was solvated with a 12.0 Å layer of water mole-
cules and minimized until the maximum derivative was
less than 0.5 kcal/mol. MD simulation was performed for
600 ps.

RESULTS AND DISCUSSION

Purification of BCL—The egg white of bare-faced
curassow gave two active peaks on cation exchange chro-
matography. Multiple expression of chicken-type lys-
ozyme in egg white is a rare phenomenon found only in
domestic birds’ eggs such as domestic ducks or quails.
The specific activities of these isozymes found in bare-
faced curassow eggs were considerably different from
each other, and the latter isozyme corresponding to the
common chicken-type lysozyme (BCL-II) was used as BCL.

Amino Acid Sequence of BCL—For structural analysis,
a peptide map of BCL was prepared by RP-HPLC (Fig. 4).
As previously reported, we established a rapid structural
analysis method involving peptide maps in which a pep-
tide eluted at a different position on comparing two maps
contains the substituted amino acid(s) and the peptides
eluted in the same positions having identical amino acid
compositions, proved to share the identical amino acid
sequences in both lysozymes (28–33). By comparison of
the maps of HEL and BCL, almost all peaks were shown

Fig. 4. Comparison of the reversed-phase HPLC peptide map
of BCL with that of HEL. Peaks numbered in the BCL map were
subjected to amino acid composition and amino acid sequence anal-
ysis.

Fig. 5. Amino acid sequence of BCL, and its comparison with
those of HEL, GHL, KPL, and PCL. The peptides obtained are
underlined. Substituted amino acids are boxed. The amino acids
indicated by arrows are the substituted amino acids in the sub-
strate binding site.
J. Biochem.
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to be eluted at the different positions to HEL and this
implied that these peptides contained substituted amino
acids. To confirm the amino acid substitutions, the amino
acid compositions of all peaks numbered in the figure for
BCL were analyzed and aligned with the sequence of
HEL and that of plain chachalaca lysozyme (PCL), the
first lysozyme from the Cracidae (34) (Table 1 and Fig. 5).
This analysis revealed that every peptide carried amino
acid substitutions compared with HEL except for
T12+13. T9+10 was eluted at the same position as HEL
but had a different amino acid composition, carrying sub-

stitutions of Arg68 to Lys, Ser72 to Thr, and Lys73 to Arg,
which probably let to the same hydrophobicity of these
two peptides. The substituted amino acids, when com-
pared with HEL, were boxed. We found 26 amino acid
substitutions in the BCL sequence compared with HEL,
and 8 substitutions compared with PCL, which is from a
same group of birds, the Cracidae. Of these substitutions,
the Phe34 to Tyr, Thr47 to Ser, and Arg114 to His were
located at the substrate binding site. Namely, Tyr34 and
His114 ware located on the right side of subsites E and F,
and Ser47 at the left side of subsites E and F. The substi-

Table 1.  Amino acid compositions of tryptic peptides of bare-faced curassow lysozyme.

∇ ∇ ∇ ∇ ∇ ∇ ∇

Peptide No. 1 2-1 2-2 3 4 5 6 7 8 9 10
CmCys 0.95(1) 0.83(1) 0.50(1) 0.83(1) 0.90(1)
Asp 1.00(1) 3.18(3) 1.07(1)
Thr 0.96(1) 2.13(2) 0.99(1) 2.04(2)
Ser 0.92(1) 0.98(1)
Glu 2.07(2) 1.01(1)
Pro 0.92(1)
Gly 0.97(1) 1.16(1)
Ala 0.78(1) 1.03(1) 3.10(3)
Val 0.89(1)
Met 0.82(1)
Ile 0.89(1) 0.82(1)
Leu 0.94(1)
Tyr 0.89(1) 2.08(2)
Phe
Lys 1.00(1) 2.00(2) 1.00(1) 1.00(1) 1.00(1) 2.00(2) 1.00(1)
His 0.99(1) 0.56(1)
Arg 1.00(1) 1.00(1) 1.00(1) 1.00(1)
Trp 0.53(1)

Total 1 1 4 3 3 6 5 4 12 6 8
nmol 9.87 1.32 4.43 9.82 5.36 10.04 2.33 4.91 7.09 1.43 3.8
Corresponding 
peptides of HEL T1 T4 T14+15 T11b T14b+15 T16a T10 T2 T7 T16b+17 T3

∇ ∇ ∇ ∇ ∇ ∇

Peptide No. 11 12 13 14 15 16 17 18 19 20
CmCys 0.98(1) 0.90(1) 0.96(1) 0.95(1) 2.00(2) 0.96(1)
Asp 1.92(2) 2.10(2) 1.08(1) 4.33(4) 3.29(3) 2.03(2) 2.89(3) 3.03(3) 2.99(3)
Thr 2.03(2) 1.04(1)
Ser 2.98(3) 1.11(1) 2.91(3) 0.95(1) 1.06(1) 1.09(1)
Glu 1.00(1) 1.06(1) 1.01(1)
Pro 0.89(1) 1.03(1)
Gly 1.02(1) 1.99(2) 2.04(2) 2.08(2) 1.04(1) 1.98(2) 1.97(2) 3.15(3)
Ala 2.99(3) 2.06(2) 3.07(3) 2.05(2) 2.26(2) 2.18(2)
Val 1.57(2) 0.88(1) 1.31(2) 1.53(2) 0.94(1)
Met 0.90(1) 0.86(1) 0.92(1) 0.85(1) 0.80(1)
Ile 0.88(1) 1.95(2) 1.24(1) 2.02(2) 0.43(1) 0.63(1)
Leu 0.99(1) 0.99(1) 0.95(1) 2.18(2) 2.10(2)
Tyr 1.03(1) 3.21(3)
Phe
Lys 1.00(1) 1.00(1) 1.00(1) 2.00(2) 1.00(1)
His 0.94(1)
Arg 0.88(1) 0.99(1) 1.00(1) 1.01(1) 1.00(1) 1.00(1) 1.00(1) 1.00(1)
Trp 1.61(2) 1.65(2) 0.79(1) 1.66(2) 1.94(2) 1.57(2) 0.68(1)

Total 9 7 12 7 16 16 20 15 15 19
nmol 4.30 3.74 7.62 7.23 8.36 2.08 3.99 1.71 4.18 6.88
Corresponding 
peptides of HEL T3+4 T9 T9+10 T16b+17+18 T8 T12+13 T11a T13 T13 T5+6
Vol. 136, No. 4, 2004
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tution at position 47 was first found in Galliform lys-

ozymes. It is notable that this lysozyme carried charac-
teristic substitutions only at the E and F sites. In this
context, the amino acid sequences of GHL and kalij
pheasant (KPL), that carry amino acid substitutions on
subsites E and F, are also shown in Fig. 5.

Subsite Structures of A, B, and C—We found that BCL
carried amino acid substitutions at subsites E and F, and
that this enzyme would be a suitable lysozyme for the
study of subsites E and F, which contribute to transglyco-
sylation activity. This enzyme, however, had many amino
acid substitutions outside of the substrate binding site in
the molecule. To evaluate the conformational change at
subsites A–C, we analyzed the fluorescence spectrum
caused by the Trp residue with and without the substrate
analogue, (GlcNAc)3, and compared it with that of HEL.
Chicken type lysozymes have six (A–F) substrate binding
sites (subsites), and a substrate bound to subsites is
cleaved at subsites D and E through the conventional
acid catalytic reaction of Glu35 and Asp52. In lysozyme,
the fluorescence intensity derived from Trp residues in
subsites A–C (Trp62, Trp63, and Trp108) reflects the
microenvironment of the conformation of these sites (35,
36). In this context, the fluorescence signal of lysozyme
with a non-productive substrate analogue, (GlcNAc)3, pro-
vides the state of substrate binding of the lysozyme and
substrate because this trisaccharide preferably binds to
subsites A–C in the ratio of 99% without hydrolysis (4,
20).

The obtained Scatchard plot of the binding of (Glc-
NAc)3 to BCL gave the same slope of the line as in the
case of HEL (Fig. 6). The dissociation constant of BCL
calculated from the slope of the line was 0.106 × 10–4 M.
The calculated dissociation constants, association con-
stants and binding free energies were the same as in the
case of HEL, which indicates that BCL binds to the sub-
strate analog in the same manner as HEL. This result
indicates that the amino acid substitutions on BCL did
not affect the conformational change of subsites A–C
compared with HEL.

Furthermore, we analyzed CD spectra in terms of the
conformational change caused by the amino acid substi-
tutions. The obtained CD spectra for BCL, HEL and GHL

were basically similar to each other (Fig. 7). This sug-
gests that the backbone structures of these enzymes are
similar, as shown by the binding of (GlcNAc)3. However,
BCL exhibited a small difference at 205 to 225 nm, indi-
cating a micro environmental conformational change
occurred in BCL when compared with GHL and HEL.

Activity of BCL against GlcNAc Pentamer—For further
information on the substrate binding at each subsite, the
enzyme was analyzed as to the time-course with (Glc-
NAc)5, and the results were simulated by computer anal-
ysis to obtain the binding free energy and rate constants
for each subsite.

As lysozyme catalyzes not only the hydrolysis of sugar
chains but also a transglycosylation reaction, the oli-
gosaccharide product shows complicated patterns. How-
ever, time course analysis using (GlcNAc)5 enables one to
evaluate the effects of amino acids substituted at the sub-
sites by computer simulation analysis (19, 20).

To evaluate the contribution of amino acid substitu-
tions to substrate binding and the lysozyme-catalyzed
reaction, the time course of BCL for (GlcNAc)5 was ana-
lyzed, and is shown in Fig. 8 with the time courses of
HEL, KPL (29), GHL, DEP-GHL (26), and CM-GHL.
Among these lysozymes, KPL carries a substitution at
position 34 to Tyr, and GHL carries a substitution at
position 114 to His. In the pattern of BCL, the order of
the concentrations of the product oligomer at 20 min
reaction was 1, 4, 2, 3 instead of 1, 2, 4, 3 for HEL. This

Fig. 6. Scatchard plotting of binding of BCL and HEL with
the GlcNAc trimer. Solid circles and open circles indicate BCL
and HEL, respectively.

Fig. 7. Comparison of the circular dichroism spectra of BCL,
HEL and GHL.
J. Biochem.
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pattern was found to be different from those of other lys-
ozymes carrying substitutions at subsites E and F (Fig.
8). This indicates that the characteristic time course pat-
tern of BCL may be caused by the substitution at position
47 on the left side of subsites E and F found as a small
difference on comparison of the CD spectra. However, it is
noteworthy that DEP-GHL modified at His 114 with
diethylpyrocarbonate and CM-GHL modified at the same
residue with monoiodoacetic acid showed similar experi-
mental time courses to BCL. This suggests that the local
environment of the modified His 114 of GHL changed to
be similar to that of BCL.

To confirm this notion, experimental time courses were
then simulated by computer analysis. The calculated
time courses were constructed by the method of Masaki
et al. (19). The values of binding free energy and rate con-
stant for calculated time courses for these lysozymes are
listed in Table 2. The values of binding free energy of
BCL for subsites A to D were identical to those of HEL.
On the other hand, the values of binding free energy for
subsites E and F were observed to be –2.3 kcal/mol at
subsite E and –1.3 kcal/mol at subsite F. Furthermore,

the rate constant of k-1, the rate of transglycosylation,
was also found to be lower than in the case of HEL with a
value of 18.5 s–1. This indicates that the substrate bind-
ing for BCL is different from for HEL at subsites E and F,
and the binding ability of the acceptor for transglycosyla-
tion is reduced compared with in the case of HEL. KPL
and GHL carrying the substituted amino acids at sub-
sites E and F showed different values compared to BCL.
This might be a combined effect of amino acid substitu-
tions at subsites E and F on BCL. However, DEP-GHL
showed identical values to BCL. CM-GHL also showed
identical values of binding free energy. The lower k–1
value found for CM-GHL may due to the size of the intro-
duced group. This result suggests that the microenviron-
ment of His 114 of BCL is changed compared with that of
HEL to cause a reduction in the rate constant of transgly-
cosylation, such as modification of His 114 on GHL.

In the lysozyme action, a sugar chain first binds on the
left side of subsites E and F, and then moves to the right
side to be cleaved between subsites D and E. Then the
acceptor for transglycosylation occupies the vacant left
side and the sugar chain at subsites A–D moves back to

Fig. 8. Experimental time courses for
BCL, HEL, KPL, GHL, DEP-GHL and
CM-GHL. Numerals in the figure indicate
the polymerization number of GlcNAc pro-
duced through the enzyme action.

Table 2.  Estimated values of binding free energies for BCL, HEL, KPL, GHL and CM-GHL.

Binding free energy (kcal/mol) Rate constant (s–1)
A B C D E F k+1 k–1 k+2

BCL –2.0 –3.0 –5.0 +4.5 –2.3 –1.3 0.93 18.5 0.3
HEL –2.0 –3.0 –5.0 +4.5 –2.5 –1.5 0.93 40.0 0.3
KPL –2.0 –3.0 –5.0 +4.5 –2.4 –1.4 0.93 40.0 0.3
GHL –2.0 –3.0 –5.0 +4.5 –2.5 –1.5 0.93 35.0 0.3
CM-GHL –2.0 –3.0 –5.0 +4.5 –2.3 –1.3 0.93 20.0 0.3
DEP-GHL –2.0 –3.0 –5.0 +4.5 –2.3 –1.3 0.93 18.5 0.3
Vol. 136, No. 4, 2004
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the left side after releasing the sugar chain at subsites E
and F to generate a new chain. High transglycosylation
performance may require enough space for the binding of
the acceptor at subsites E and F. To clarify the location
and movement of each amino acid, tertiary structure
comparison is invaluable.

MD simulations of BCL—To elucidate the conforma-
tional change at subsites E and F, we constructed the ter-
tiary structure of BCL by molecular modeling. The con-
formational structure in the non-complex state of BCL
was compared with those of HEL and GHL. Although the
overall structure of BCL was similar to those of HEL and
GHL, the structure on the left side of BCL was different
from that of HEL and GHL. At subsites E and F, the loca-
tion of the amino acid at position 47 of BCL (Ser47) was
shifted from that of HEL and GHL, accompanied by the
movement of the main chain (Fig. 9). The conformation of
the side chain at position 114 of BCL was also different
from that of HEL and GHL. On the other hand, the orien-
tation of the side chain of amino acid residue at position
34 was slightly changed from that of HEL and GHL (Fig.
9). His 114 of BCL shifted to the upper left in spite of no
substitution in GHL in this region (Fig. 9). BCL showed
the same activity pattern as DEP-GHL and CM-GHL.
Therefore, the different location of the His residue found
between native GHL and BCL at position 114 may con-
tribute to the substrate-binding at subsites E and F of
BCL, and coincide with the result for modified GHL. To
evaluate the movement of His 114 of BCL in the complex
state, the distances between (GlcNAc)6 located by MD
simulation and Arg 114 of HEL and His 114 of BCL were
calculated for 50 structures from 101ps to 150ps (Table

3). An atom pair for His 114 of BCL within 4.0 Å distance
from NAG6 (6th GlcNAc from non-reducing end) was not
found. The average value of the distance between His 114
and NAG6 of BCL was shifted (1.5 Å) far from that of
HEL. The change in the value of binding free energy for
subsites E and F, and the rate constant of transglycosyla-
tion found for BCL may be ascribable to this movement of
His 114 reducing the accessibility of substrate. An other
possibility for the difference is the substitution at posi-
tion 47 of Ser on the left side, which may cause the
change of acceptor binding at the left side of subsites E
and F.

In conclusion, we experimentally and computationally
found that conformational changes at amino acid resi-
dues at positions 34, 47 and 114 based on amino acid sub-
stitutions in subsites E and F on BCL affected the enzy-
matic activity and binding affinity of substrates. This
may be confirmed by further work on the identification of
these amino acids by site-directed mutagenesis.

We would like to thank Dr. Hidemasa Hori of Ueno Zoological
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a Grant-in-Aid for Scientific Research on Priority Areas from
the Ministry of Education, Science, Sports and Culture of
Japan, and by the Research for the Future Program of the
Japan Society for the Promotion of Science. Computation time
was provided by the Supercomputer Laboratory, Institute for
Chemical Research, Kyoto University.

Table 3.  Distances between a substrate and Glu 35 and Arg (His) 114 determined by molecular dynam-
ics (MD) symulations.

aHEL/BCL.

No. of detectd pair (4.0 Å ≤) Distance (Å) Standard deviation (Å)
Glu35-NAG4 Initial 15/26 9.25/7.50 2.84/2.14

MD 10/14 9.86/7.97 2.70/2.11
Arg114 (His114)-NAG6 Initial 41/24 7.14/7.41 1.98/2.12

MD 12/0 8.09/9.54 2.07/1.82

Fig. 9. Comparison the structures of the E–F
sites of BCL, HEL and GHL in the non-com-
plex state. These structures were averaged from
300 to 600 ps on MD simulation. The main chain
structures of HEL, GHL and BCL were shown as
ribbon models. The mutated amino acids in BCL
located at the different positions from those in
HEL or GHL are underlined.
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