
Research Article

Solution structure and activity of mouse lysozyme M
T. Obita, T. Ueda* and T. Imoto

Graduate School of Pharmaceutical Sciences, Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582
(Japan), Fax: +81 92 642 6667, e-mail: ueda@phar.kyushu-u.ac.jp

Received 18 September 2002; received after revision 25 October 2002; accepted 13 November 2002

Abstract. The three-dimensional structure of mouse
lysozyme M, glycoside hydrolase, with 130 amino acids
has been determined by heteronuclear NMR spec-
troscopy. We found that mouse lysozyme M had four a-
helices, two 310 helices, and a double- and a triple-stranded
anti-parallel b-sheet, and its structure was very similar to
that of hen lysozyme in solution and in the crystalline
state. The pH activity profile of p-nitrophenyl penta 
N-acetyl-b-D-chitopentaoside hydrolysis by mouse lyso-
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zyme M was similar to that of hen lysozyme, but the hy-
drolytic activity of mouse lysozyme M was lower. From
analyses of binding affinities of lysozymes to a substrate
analogue and internal motions of lysozymes, we suggest
that the lower activity of mouse lysozyme M was due to
the larger dissociation constant of its enzyme-substrate
complex and the restricted internal backbone motions in
the molecule.
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Lysozyme is an enzyme that catalyzes the hydrolysis of a
co-polymer of N-acetylmuramic acid and N-acetylglu-
cosamine and a polymer of N-acetylglucosamine [1].
Lysozyme plays an early role in host defenses and can be
found in most tissues in animals. In the house mouse, the
closely related mouse lysozymes M and P tend to be ex-
pressed in different tissues; mouse lysozyme M is
strongly expressed in both macrophages and macro-
phage-rich tissues, while mouse lysozyme P is mainly
expressed in the small intestine [2]. Recently, our group
showed that mutant mouse lysozyme M evoked a strong
autoantibody response [3], and we obtained autoantibody
for native mouse lysozyme M. However, the three-di-
mensional structure of mouse lysozyme M has not yet
been investigated via X-ray crystallography or nuclear
magnetic resonance (NMR), meaning that we cannot yet
understand the biological significance of the autoanti-
body on the basis of protein structure.

* Corresponding author.

The biological activity of mouse lysozyme M has also not
been investigated in detail. A comparative biological
study has given us much information about protein func-
tions. Therefore, to determine the enzymatic reaction
mechanism of mouse lysozyme M, we compared the bio-
logical activity and backbone dynamics of mouse
lysozyme M with those of hen lysozyme, whose enzy-
matic reaction mechanism has been investigated in detail,
by means of a physico-chemical method and NMR. Here
we report the solution structure of mouse lysozyme M at
pH 3.8 and 35°C based on the heteronuclear NMR
method, and we describe the activity, substrate binding,
and backbone dynamics of mouse lysozyme M.

Materials and methods

Materials
Hen egg white lysozyme was obtained from QP Co.
(Tokyo, Japan). Trimer of N-acetyl glucosamine, (Glc-
NAc)3 and p-nitrophenyl penta N-acetyl-b-D-chitopen-

Verwendete Mac Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 1200 1200 ] dpi
     Papierformat: [ 595 785 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /LockDistillerParams false
     /DetectBlends false
     /DoThumbnails true
     /AntiAliasMonoImages false
     /MonoImageDownsampleType /Bicubic
     /GrayImageDownsampleType /Bicubic
     /MaxSubsetPct 100
     /MonoImageFilter /CCITTFaxEncode
     /ColorImageDownsampleThreshold 1.5
     /GrayImageFilter /DCTEncode
     /ColorConversionStrategy /sRGB
     /CalGrayProfile ()
     /ColorImageResolution 150
     /UsePrologue false
     /MonoImageResolution 600
     /ColorImageDepth -1
     /sRGBProfile (sRGB IEC61966-2.1)
     /PreserveOverprintSettings true
     /CompatibilityLevel 1.2
     /UCRandBGInfo /Preserve
     /EmitDSCWarnings false
     /CreateJobTicket false
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDict << /K -1 >>
     /ColorImageDownsampleType /Bicubic
     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /ParseDSCComments false
     /PreserveEPSInfo false
     /MonoImageDepth -1
     /AutoFilterGrayImages true
     /SubsetFonts false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /ColorImageFilter /DCTEncode
     /AutoRotatePages /None
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ASCII85EncodePages false
     /PreserveOPIComments false
     /NeverEmbed [ ]
     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /CannotEmbedFontPolicy /Warning
     /EndPage -1
     /TransferFunctionInfo /Apply
     /CalRGBProfile (sRGB IEC61966-2.1)
     /EncodeColorImages true
     /EncodeGrayImages true
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /GrayImageDownsampleThreshold 1.5
     /MonoImageDownsampleThreshold 1.5
     /AutoPositionEPSFiles false
     /GrayImageResolution 150
     /AutoFilterColorImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /OPM 1
     /DefaultRenderingIntent /Default
     /EmbedAllFonts true
     /StartPage 1
     /DownsampleGrayImages true
     /AntiAliasColorImages false
     /ConvertImagesToIndexed true
     /PreserveHalftoneInfo true
     /CompressPages true
     /Binding /Left
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 1200 1200 ]
>> setpagedevice



CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Research Article 177

taoside [PNP-(GlcNAc)5] were purchased from Sei-
kagaku Kogyo (Tokyo, Japan). YMC-pack A-014 (6 ¥
300 mm) column was purchased from Yamamura Kagaku
Kogyo (Kyoto, Japan). All other chemicals were of ana-
lytical grade for biochemical use. 

Sample preparation
Mouse lysozyme M was obtained from the Pichia pas-
toris expression system, as described in our previous pa-
per [4]. Briefly, the 15N-labeled protein was expressed in
FM22-glycerol minimal medium (100 ml of 10% glyc-
erol, 1 ml of PTM1, 6 ml of 250 ¥ biotin, and 6 ml of 
10 M KOH were added to 1000 ml of FM22) containing
(15NH4)2SO4 as the sole nitrogen source. The protein was
purified by cation exchange (CM-Toyopearl 650M) chro-
matography. The yield of purified protein was about 
10 mg per liter of culture. 

NMR measurements
NMR measurements were performed on a Varian Inova
600 NMR spectrometer. 1H– 15N HSQC spectra of mouse
lysozyme M with or without a large excess of (GlcNAc)3,
a substrate analogue of lysozyme, were measured at 35°C
in 90% H2O/10% D2O (v/v) at a protein concentration of
1.0 mM, and the pH was adjusted to 3.8 as described in
our previous report [5]. The distance restraints were ob-
tained from 15N-edited NOESY (80 and 120 ms mixing
time) and 1H NOESY (120 ms mixing time). The acqui-
sition time for 15N-edited NOESY was about 4 days. For
the H-D exchange experiment, we measured 1H– 15N
HSQC spectra at 3 and 24 h after dissolving lyophilized
mouse lysozyme M in D2O. To calculate the structure,
1321 distance restraints were supplemented with angle
restraints based on HNHA data and hydrogen bond re-
straints based on solvent exchange experiments. The
three-dimensional structure of mouse lysozyme M was
computed using DYANA [6]. Co-ordinates of the 20 final
structures have been deposited in the Protein Data Bank
(accession code 1IVM). 
We obtained the dissociation profile of the acidic residues
in the lysozyme from pH titration of acidic residues in
mouse lysozyme M using the following equation [7]: 

dHA + dA– ¥ 10(pHi – pKa)

di = 0008 (1)
1 + 10(pHi – pKa)

where dHA is the chemical shift of the carboxyl group of
the fully protonated form and dA– is that of the fully de-
protonated form. The parameters dHA and dHA– and the
pKa value were obtained by the Gauss-Newton nonlinear
least-squares fitting procedure on the basis of the experi-
mental titration data. The pH values were the pH meter
readings without correction for isotope effects [8].
Pulse sequences for the measurement of the 1H-15N NOE
values, and the T1 and T2 relaxation times have been de-

scribed elsewhere [9]. To improve the sensitivity and the
water suppression, we applied the sensitivity enhance-
ment with field gradient pulses in the Z-axis [10]. The 15N
T1 values were determined from a series of 1H-15N corre-
lation spectra with different relaxation durations, 32.94,
92.94, 172.94, 332.94, 652.94, 1292.94, and 1812.94 ms,
while the T2 values were determined from the spectra
with durations of 4, 42, 82, 122, 202, 282, and 342 ms.
We used a recycle delay of 4.0 s for the T1 relaxation and
2.4 s for the T2 relaxation experiments. The 1H-15N
steady-state NOE values were determined from pairs of
spectra, recorded with and without proton saturation. A
recycle delay of 4.0 s was used for NOE experiments. All
spectra were processed and analyzed using nmrPipe [11].
We used a series of extracted intensity profiles of each
cross-peak for the extraction T1 and T2 relaxation time.
We determined the steady-state 1H-15N NOE values from
the ratios of the peak intensities with and without proton
saturation. The relaxation data were analyzed using the
model-free formalism by Lipari and Szabo [12, 13] and
the extension of this method developed by Clore et al.
[14, 15].

Enzymatic activity
We mixed 60 ml of PNP-(GlcNAc)5 (0.06 mM) dissolved
in the buffers 0.1 M sodium acetate (pH 2.0 – 5.0) or
sodium phosphate (pH 5.5–8.0) with 30 ml of lysozyme
solution (3 mM) dissolved in these buffers. The mixtures
were then incubated at 37°C. An aliquot (10 ml) was with-
drawn at appropriate incubation intervals from the reac-
tion mixture and analyzed by high-performance liquid
chromatography, using a YMC-pack A-014 (6 ¥ 300 mm)
column developed with acetonitrile/water (80:20) eluent
at a flow rate of 1 ml/min. The elution of PNP-(GlcNAc)5

was detected by absorbance at 300 nm. The concentration
of PNP-(GlcNAc)5 was determined by calculating the
area of an eluted peak [16]. 

Results and discussion

Characteristics of the solution structure
The resonance assignments of mouse lysozyme M were
successfully performed by employing the 2D- and 3D-
NMR spectra using the standard strategy. The 1H-15N
NMR spectra of mouse lysozyme M were well dispersed.
Most of the 1H and 15N polypeptide backbone resonances
were assigned, but those of Lys1, Pro71, and Pro103 and
some distal side chain 1H resonances in arginines and
lysines and side chain NH resonances of asparagines and
glutamines were not assigned [5]. 
From 3D NOESY data, we obtained NOE connectivities.
Figure 1 summarizes the NOE connectivities and H-D ex-
change experiments. Since NOE connectivities of dNN (i,
i+3), daN(i, i+1), dbN(i, i+3) , dNN(i, i+2), daN(i, i+4), and
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Figure 1. Short-range NOE connectivities for mouse lysozyme M. The NOE correlations were determined from 3D NOESY spectra
recorded at 35 °C. The height of the bar indicates the strength of the NOE correlation. Slow and intermediate H-D exchange of backbone
NH protons are indicated by filled circles and open circles, respectively.
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dab(i, i+3) indicate a feature of the a-helical structure
[17], the positions of a-helices were assigned as
Arg5–Arg14, Leu25–Ser36, Thr90–Val99, and Trp108–
Arg115 (fig. 1). Next, since NOE connectivities of daN 

(i, i+2) and scarcity of NOE connectivities of daN (i, i+4)
indicate a feature of a 310 helical structure [17], the posi-
tions of 310 helices were assigned as Asn80–Leu84 and
Ser122–Ile125 (fig. 1). On the other hand, since NOE
connectivities of daN (i, i+3), scarcity of NOE connectiv-
ities of dNN (i, i+1), and medium- and long-range NOE
indicate a feature of a b-sheet structure [17], the positions
of b-sheet structures were assigned as Lys1–Tyr3 and
Tyr38–Thr40 (double-stranded anti-parallel b-sheet) and
Ala42–Asn46, Ser51–Gly55, and Ile59–Ser61 (triple-
stranded anti-parallel b-sheet) (fig. 2). These secondary
structures were consistent with those estimated from the
backbone amide H-D exchange experiment (figs 1, 2).
We obtained NMR data for structure determination at pH
3.8, without added salt, at a temperature of 35°C. Of the
300 NMR structures calculated, we selected a subset of
the 20 lowest-energy structures for analysis (fig. 3; see
also Materials and methods). The overall NMR structure
consisted of four a-helices, two 310 helices, and a double-
and a triple-stranded anti-parallel b-sheet, consistent with
the results in figures 1 and 2. The lowest root-mean-
square deviation (RMSD) values are found in the regions
containing regular secondary structures; the backbone
RMSD between such regions was 0.77 ± 0.21 Å, while
that calculated over all residues was 1.14 ± 0.27 Å. The N
and C terminals and some loop regions were less defined,
which may be due to both scarcity of NOE constraints
and the conformational flexibility of the regions, which
has been suggested in other globular proteins [19]. 
Next we compared the NMR structure of mouse
lysozyme M with the X-ray structure [20] and NMR

Figure 2. Representation of the backbone atoms of b-strands of mouse lysozyme M deduced from backbone NOE and amide protons with
slow H-D exchange rates. Double-headed arrows denote sequential and interstrand connectivities. Hatched bars denote hydrogen bonding. 

Figure 3. (A) Best-fit superposition of the backbone atoms of 20
structures of mouse lysozyme M: (B) Schematic ribbon representa-
tion of mouse lysozyme M. The diagrams were generated using the
program MOLMOL [18]. 

A

B
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structure [21] of hen lysozyme. The average RMSD val-
ues calculated at the backbone atoms or at helix regions
between the lowest-energy NMR structure of mouse
lysozyme M and the X-ray structure or the NMR struc-
ture of hen lysozyme were 1.89 or 2.29 Å and 1.27 or
1.56 Å, respectively. Therefore, we concluded that the
overall structure of mouse lysozyme M at pH 3.8 and
35°C showed good agreement with that of hen
lysozyme.

Enzymatic activity of mouse lysozyme M
Figure 4 shows the pH-activity profiles of PNP-(Glc-
NAc)5 hydrolysis by mouse lysozyme M. For compari-
son, those by hen lysozyme whose enzymatic reaction
mechanism has been investigated in detail are also shown
in figure 4. The pH-activity profile of PNP-(GlcNAc)5

hydrolysis by mouse lysozyme M was similar to that of
hen lysozyme, but the hydrolytic activity of the former
was lower. Figure 5 shows partial primary structures of
hen and mouse lysozyme. The homology of the primary
structure and tertiary structure of the backbone (de-
scribed above) between hen and mouse lysozyme M indi-
cates that the active residues in mouse lysozyme M are
Glu35 and Asp53. To examine the pKa values of these
residues in mouse lysozyme M, we measured 600 MHz

Figure 4. pH dependence of the hydrolytic reaction of PNP-(Glc-
NAc)5 by mouse (filled circles) and hen (filled squares) lysozyme
at 37°C.

DQF-COSY spectra at various pHs in the presence of 100
mM NaCl at 35°C under the conditions in which pKa
values of active residues in hen lysozyme were obtained.
With a change of solution pH, the chemical shifts of
cross-peaks from Glu35 and Asp52 in mouse lysozyme
M on DQF-COSY spectra, which were assigned in our
previous paper [5], changed. Using Eq. 1 in Materials and
methods, we determined that the pKa values of Glu35 and
Asp53 in mouse lysozyme M were 6.3 and 3.7, respec-
tively,  in the presence of 100 mM NaCl at 35°C. Since
the pKa values of Glu35 and Asp53 in hen lysozyme were
6.2 and 3.7, respectively, in the presence of 100 mM NaCl
at 35°C, [7], we confirmed that the pH-activity profile of
PNP-(GlcNAc)5 hydrolysis by mouse lysozyme M was
similar to that of hen lysozyme because the pKas of their
active residues were nearly equal.
On the other hand, to analyze the reason for the lower 
activity of mouse lysozyme M, we measured the disso-
ciation constant (Kd) of the mouse- and hen lyso-
zyme-(GlcNAc)3 complex at pH 5, at which their hy-
drolytic activities are optimum (table 1). The dissocia-
tion constant of the mouse lysozyme M-(GlcNAc)3 com-
plex was twice as great as that of the hen lysozyme-(Glc-
NAc)3 complex.
Previously, we prepared Gln35 hen lysozyme, which had
no activity [22]. That is, Gln35 hen lysozyme does 
not hydrolyze a hexamer of GlcNAc [(GlcNAc)6], a
lysozyme substrate, to a tetramer and dimer of GlcNAc.
Therefore, we can determine the dissociation constant of
the Gln35 hen lysozyme-(GlcNAc)6 complex. Since the
dissociation constant of the Gln35 hen lysozyme-
(GlcNAc)6 complex was nearly equal to that of the hen
lysozyme-(GlcNAc)3 complex [22], we estimated roughly
the concentration of enzyme-substrate complex in the
course of the hydrolytic reaction of PNP-(GlcNAc)5 by
lysozymes using the Kd of the lysozyme-(GlcNAc)3 com-
plex, PNP-(GlcNAc)5 concentration, and lysozyme con-
centration at pH 5 and 37°C. The percentages of enzyme-
substrate complex concentration against enzyme concen-

Figure 5. Partial primary structures of mouse and hen lysozyme.

Table 1. Dissociation constant (Kd) of lysozyme-(GlcNAc)3 com-
plex at pH 5 and 37 °C.

Lysozyme Kd (M) 

Mouse 4 ¥ 10–5

Hen 2 ¥ 10–5
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tration were 66% for hen lysozyme and 50% for mouse
lysozyme M. A rough estimation indicates that the hy-
drolytic activity of mouse lysozyme M was lower than
that of hen lysozyme because of the larger dissociation
constant of the mouse lysozyme M-substrate complex.
However, since mouse lysozyme had half as much hy-
drolytic activity as hen lysozyme at pH 5, we tried to find
another factor causing this difference in their hydrolytic
activities. Recently, Mine et al. [4] in our laboratory sug-
gested that the internal motions in hen lysozyme were re-
lated to its biological activity. Therefore, we also paid at-
tention to the internal motions in mouse lysozyme M in-
volved in biological functions such as substrate binding
and enzyme catalysis.

Backbone dynamics of mouse lysozyme M
We obtained 15NT1, T2, and heteronuclear NOE values of
117 out of 130 residues from NMR relaxation measure-
ment of mouse lysozyme M in the absence of substrate
analogue. Of the 13 uncharacterized residues, Lys1,
Pro71, and Pro103 were not assigned [5]. The remaining
10 residues were excluded from the analysis due to severe
spectral overlap. For most residues, the T1, T2, and NOE
values appeared in the range 0.47–0.57 s, 120–150 ms,
and 0.7–0.9, respectively. The T1/T2 ratios at residues
throughout the protein were almost uniform, and we
judged that the rotation of the molecule was isotropic.
Moreover, the line-width of the 1H-15N HSQC spectrum
of the protein was narrow. These results indicate that the
protein exists as a monomer. The overall rotational corre-
lation time (tc) was calculated using data of residues with
T1/T2 ratios within 1 standard deviation from the mean
value. The optimal tc for free mouse lysozyme M was cal-
culated as 5.37 ns. We subsequently used these values
(the T1, T2, and NOE values, and the tc value) to deter-
mine the internal dynamics parameters in terms of a so-
called model-free approach [9, 10] and extensions thereof
[14, 15]. Five models were considered, which included
the following parameters: (1) S2; (2) S2 and te; (3) S2 and
Rex; (4) S2, te, and Rex; (5) Sf

2, Ss
2, and ts. The model-free

parameters for free mouse lysozyme M are shown in fig-
ure 6. These relaxation data for 117 residues could be fit-
ted successfully to one of five optimal combinations of
model-free parameters. For most residues, the order para-
meters (S2) were in the range 0.80–0.95; a mean S2 value
of 0.87 ± 0.03 was calculated over all residues, indicating
that rapid motions on the fast (pico- to nanosecond) time
scale were largely restricted. However, the order parame-
ters (S2) were much lower for strand 1 (residues 42–47)
and the following turn (residues 42–50), the long loop
(residues 65–75), the loop before the helix (residues 85–
89), and the loop after the helix (residues 117–120), in-
dicating that these regions are flexible. These S2 profiles
were consistent with the RMSD profiles of backbone
atoms of the 20 native structures (fig. 3). 

The backbone dynamics of hen lysozyme have been re-
ported [4, 23]. The order parameters of mouse lysozyme
M are similar to those of hen lysozyme. The primary se-
quence similarity of mouse lysozyme M to hen lysozyme
was 56.9%, but the overall structure of mouse lysozyme
M was almost identical to hen lysozyme, as described
above. Therefore, the global conformation rather than the
amino acid sequence seems to dominate the internal mo-
tions of the protein.
In the presence of (GlcNAc)3 where most of the mouse
lysozyme M molecules form an enzyme-substrate com-
plex, 15NT1, T2, and heteronuclear NOE values of 102 out
of 130 residues were obtained. Of the 28 uncharacterized
residues, Lys 1, Pro71, and Pro103 were not assigned [5].

Figure 6. Extracted model-free parameters of mouse lysozyme M
by parameter optimization with the program RxAnly. (A) Compar-
ison of the generalized order parameters (S2) for free mouse
lysozyme M (open circles) and for ligand-bound mouse lysozyme
M (closed triangles): (B) Chemical exchange contributions repre-
sented in the broadened line-width (Rex) for free mouse lysozyme
M: (C) Chemical exchange contributions represented in the broad-
ened line-width (Rex) for ligand-bound mouse lysozyme M.
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The remaining 25 residues were excluded from the analy-
sis due to severe spectral overlap and extreme line broad-
ening due to the presence of substantial chemical ex-
change. Such line-broadening effects in hen lysozyme
might arise from either the existence of multiple binding
sites or from exchanges in the motion of these residues on
binding [24]. We plotted residues whose resonances
shifted more than 0.05 ppm in the presence of (GlcNAc)3

in the overall structure of mouse lysozyme M (fig. 7). The
residues were located in the cleft where active-site
residues, Glu35 and Asp53, faced each other. Small
changes in chemical shift were observed in regions re-
mote from the active site, indicating that the effects of in-
hibitor binding are felt throughout the enzyme. Such an
observation occurred in hen lysozyme with the addition
of (GlcNAc)3, which was interpreted as due to a small
conformational change in the cleft on the formation of
lysozyme-substrate complex [24].
The optimal tc for ligand-bound mouse lysozyme M was
calculated as 5.51 ns, and the model-free analysis was
carried out using these relaxation parameters as described
above (fig. 6). For most residues, the order parameters
were in the range 0.80–0.95, indicating that rapid mo-
tions in ligand-bound protein were restricted, as with the
free protein. However, there were some residues that
changed the internal motions upon binding of (GlcNAc)3.
Increases in order parameters were located at the Asn66
and Asp67 residues in the long loop, at the Arg101,
Arg107, and Ala108 residues in the loop, and at the
Ala114 residue in the loop after the helix. On the other

hand, decreases in order parameters were located at the
Trp28 residue in the helix, at the Gly68 residue in the
long loop, and at the Asn118 residue in the loop after the
helix. The present data showing that order parameters de-
creased or increased upon ligand binding were consistent
with the internal motions of ligand-bound hen lysozyme
[4] .
On the other hand, Rex values were observed at some
residues around the active-site cleft, especially Ile59,
upon binding. Rex values reflect the existence of a dy-
namic exchange from a microsecond to millisecond time
scale.
These motions were considered to be related to the bio-
logical function of lysozyme, because the number of
residues showing Rex values in the mutant hen lysozyme,
which has a hydrolytic activity higher than the wild-type
hen lysozyme, increased significantly [4]. This means
that the more the lysozyme molecule shows fluctuation
from a microsecond to millisecond time scale, the higher
the lysozyme enzymatic activity. We therefore compared
the number of residues showing Rex values in the mouse
lysozyme M-(GlcNAc)3 complex with that of the hen
lysozyme-(GlcNAc)3 complex. In the hen lysozyme-
(GlcNAc)3 complex, Rex values were observed at residues
Phe3, Trp28, Glu35, Gln41, Ala42, Arg45, Asn46,
Asp52, Tyr53, Gly54, Cys64, Asn65, Arg68, Cys76,
Asn77, Cys80, Ser81, Ile88, Lys96, Cys115, and Leu129
[4]. The number of residues showing Rex values in the
mouse lysozyme M-(GlcNAc)3 complex was clearly less
than that in the hen lysozyme-(GlcNAc)3 complex, indi-

Figure 7. Tertiary structure representation of mouse lysozyme M with the significant changes in chemical shift (more than 0.05 ppm) (red)
on the formation of complex with substrate analogue. Active-site residues, Glu35 and Asp52, are shown in yellow.



cating that the mouse lysozyme M molecule on the for-
mation of the (GlcNAc)3 complex showed less fluctuation
than hen lysozyme. Based on these results, we suggest
that the lower hydrolytic activity of mouse lysozyme M
compared to hen lysozyme may be due to the restriction
of internal motions from the microsecond to millisecond
time scale. 

Comparison of mouse lysozyme M with human
lysozyme
The primary sequence similarity of mouse lysozyme M to
human lysozyme was 77.7%, since these lysozymes are
both from mammals, so we also compared mouse
lysozyme M with human lysozyme. The average RMSD
values calculated at the backbone atoms or at helix re-
gions between the NMR structure of the lowest-energy
mouse lysozyme M and the X-ray structure of human
lysozyme [25] were 1.73 and 1.12 Å, respectively. The
finding that the average RMSD values between mouse
lysozyme M and human lysozyme were lower than those
between mouse lysozyme M and hen lysozyme showed
that the primary sequence similarity was closely involved
in the global conformation.
Human lysozyme had a higher activity than hen lysozyme
against glycol chitin, a soluble polymer of GlcNAc [26],
so we compared the number of residues showing Rex val-
ues in the mouse lysozyme M-(GlcNAc)3 complex with
that of the human lysozyme-(GlcNAc)3 complex, re-
ported elsewhere [27]. In the human lysozyme-(Glc-
NAc)3 complex, Rex values were observed at residues
Trp34, Thr43, Tyr45, Asn46, Ala47, Gly48, Asp49,
Gly55, Ile56, Ser61, Arg62, Ala76, Cys77, Ala83, Leu84,
Ile89, Val93, Gln104, Ile106, Ala108, Asn114, Cys115,
and Asn118 [27]. The number of residues showing Rex

values in the mouse lysozyme M-(GlcNAc)3 complex
(fig. 6) was less than in the human lysozyme-(GlcNAc)3

complex, indicating that the mouse lysozyme M mole-
cule showed less fluctuation than human lysozyme upon
the formation of the (GlcNAc)3 complex. The result was
consistent with the result obtained by comparing hen
lysozyme and mouse lysozyme M.

Conclusion

We investigated the solution structure and backbone dy-
namics of mouse lysozyme M using heteronuclear NMR
methods. The NMR structures indicated that the global
fold of mouse lysozyme M was quite similar to those of
hen lysozyme in solution and in the crystalline state. The
hydrolytic activity of mouse lysozyme M against PNP-
(GlcNAc)5 was lower than that of hen lysozyme. We sug-
gest that the reason for the lower activity of mouse
lysozyme M was the larger dissociation constant of the
mouse lysozyme M-substrate complex than that of the

hen lysozyme-substrate complex and the more restricted
internal motion from a microsecond to millisecond time
scale in mouse lysozyme M.
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