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Abstract. We investigated the activity and the internal
motions of a stabilized mutant hen lysozyme (HEL) in
which the residues M12 and L56 were mutated to L and
F, respectively (LF mutant HEL). The result of the activ-
ity measurements against glycol chitin at various temper-
atures suggested that the temperature dependence of the
activity of LF mutant HEL shifted to the high-tempera-
ture side compared with that of wild-type HEL. The de-
tailed internal motions of LF mutant HEL in the absence
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and presence of a substrate analogue, (NAG)3, were 
examined by model-free analysis at 35°C. The results
showed that the internal motions of LF mutant HEL in 
the presence of (NAG)3 were drastically restricted com-
pared with those in wild-type HEL. Our findings thus
suggested that the mutation to the stabilized lysozyme 
restricted internal motions required for the enzymatic 
reaction.
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In general, proteins have various motions covering sev-
eral time scale and amplitude ranges. A number of bio-
chemical studies have observed the conformational dy-
namics of the active sites of enzymes during enzymatic
catalyzations [1–9]. From the results of these studies pro-
posals have come that the internal motions of proteins are
important for enzyme activity, but the requirement for
such motion undermines the conformational rigidity cru-
cial protein for stabilization. Thermophilic enzymes tend
to have a higher optimal temperature than mesophilic en-
zymes, but show less activity at lower temperature
[10–14]. The reduced activity of thermophilic enzymes at
lower temperature led us to the hypothesis that suitable
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flexibility might be required for enzyme function. The in-
ternal motions of diverse proteins have been compared
using various experimental procedures, including hydro-
gen-deuterium (H/D) exchange [15–17], nuclear mag-
netic resonance (NMR) spectroscopy [18, 19] and mole-
cular dynamics (MD) simulations [20, 21]. However, be-
cause there have been few reports on the relationship
between the dynamics and the biological activity of en-
zymes, the contribution of the internal motions to the
functions of proteins remains unclear.
Hen egg-white lysozyme (HEL) is a carbohydrate hydro-
lase that catalyzes the hydrolysis of the beta-1,4 glyco-
sidic bonds of polysaccharides, such as a homopolymer
of N-acetyl-D-glucosamine (chitinase activity) and an al-
ternate co-polymer of N-acetyl-D-glucosamine and N-
acetylmuramic acid, which is the major constituent of



bacterial cell walls (biological activity) [22]. It was the
first enzyme whose three-dimensional (3D) structure was
elucidated using X-ray crystallography [23] and for
which a detailed mechanism of action was proposed [22].
Accordingly, this enzyme has been one of the most vig-
orously investigated for clarification of the structure-
function relationship of proteins [24–30].
Del-R14H15 HEL, in which the residues Arg14 and
His15, both of which are located far from the active-site
cleft, were deleted simultaneously, had higher activity
against glycol chitin at low temperature, although the dis-
sociation constant of the Del-R14H15 HEL-(NAG)3 com-
plex was similar to that of the wild-type HEL-(NAG)3

complex. However, the activity of Del-R14H15 HEL at
high temperature was less than that of wild-type HEL,
and the temperature dependence of the activity of Del-
R14H15 HEL shifted to the low-temperature side com-
pared with that of the wild-type enzyme. Moreover, the
melting temperature of Del-R14H15 HEL was lower 7°C
than that of wild-type HEL [31]. On the other hand, 15N
NMR relaxation analysis of Del-R14H15 HEL and wild-
type HEL showed that the internal motions in several
residues of Del-R14H15 HEL in the presence of (NAG)3

increased more than those of wild-type HEL in the pres-
ence of (NAG)3 [32]. These results suggested that varia-
tions in molecular dynamics play an important role in the
function of the enzyme.
HEL has a cavity surrounded by a hydrophobic core,
which consists of side chains of residues L8, M12, L17,
W28, I55, L56, I88 and V92 in the alpha domain [22]. We
previously achieved the stabilization of HEL through the
cavity-filling mutations M12 and L56, which face each
other across the cavity in the hydrophobic core without
unfavorable van der Waals contacts [33]. However, the
activity of the mutant HEL at 40°C was lower than that of
wild-type HEL. We hypothesized that the restriction of
internal motion by the cavity-filling mutation decreased
enzyme activity at low temperature. If this hypothesis is
correct, the temperature dependence of the mutant HEL
activity would shift to the high-temperature side and the
internal motions of the mutant would be restricted. This
would be of particular interest since there have been no
reports of a difference in the internal motions in an en-
zyme causing an increase or decrease in enzymatic activ-
ity. Therefore, in this report, we examined the tempera-
ture dependence of lysozyme activity and the internal
motions in the cavity-filling mutant lysozyme by means
of NMR relaxation analysis.

Materials and methods

Sample preparation
LF mutant HEL where M12 and L56 are L and P, respec-
tively was prepared according to the method of our previ-
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ous work [34]. For expression of 15N-labeled protein, 
the Pichia pastoris GS115 strain (Invitrogen) was trans-
formed with the appropriate plasmid, and grown in
FM22-glycerol medium which contains [15N]ammonium
sulfate (99% 15N; Shoko Tsusho, Tokyo, Japan) as the
sole nitrogen source. After incubation for 2 days at 30°C,
the cells were collected by centrifugation, suspended in
the same medium containing 0.5% (v/v) methanol instead
of glycerol and cultivated for 120 h with additional sup-
plies of methanol. The protein secreted in the culture su-
pernatant was isolated by cation-exchange chromatogra-
phy on a column (4.0 ¥ 15 cm) of CM-Toyopearl 650 M,
which was eluted with a gradient of 500 ml 0.05 M phos-
phate buffer and 500 ml of the same buffer containing 
0.5 M NaCl (pH 7) at 4°C. The eluted lysozyme was dia-
lyzed against distilled water and then lyophilized. Finally,
we obtained about 10 mg of 15N-labeled LF mutant HEL
from 1 l of culture.

Activities of lysozymes
Activities of lysozymes against glycol chitin were mea-
sured in 0.1 M acetate buffer (pH 5.5) at various temper-
atures as described previously [31].

NMR measurements
The NMR sample was prepared to contain 1 mM protein
in 90% H2O/10% 2H2O (v/v), and the pH was adjusted to
3.8. For preparation of the lysozyme complex, (NAG)3

was added to the protein solution to yield a slight excess
of substrate relative to enzyme. Under this condition,
more than 99% complex was formed.
NMR experiments were performed at 35°C on a Varian
Inova 600-MHz spectrometer equipped with a triple-re-
sonance, pulse-field gradient probe with an actively
shielded z gradient and a gradient amplifier unit. Se-
quential assignment of main-chain 1H and 15N resonances
of LF mutant HEL were made on the basis of HSQC, 15N-
edited NOESY-HSQC [35], and 15N-edited TOCSY-
HSQC [36] spectra. Processing and analysis of NMR data
and peak-picking were performed on the NMRPipe/
NMRDraw package [37].
The 15N longitudinal relaxation rate (R1), transverse re-
laxation rate (R2), and {1H}–15N heteronuclear nuclear
Overhauser enhancement (NOE) were recorded for LF
mutant HEL in the absence or presence of (NAG)3. Pulse
sequences for the measurement of the 1H-15N NOE val-
ues, and the R1 and R2 relaxation times are described 
elsewhere [38, 39]. The R1 values were measured using
spectra recorded with seven different delay times: T =
32.94, 92.94, 172.94, 332.94, 652.94, 1292.94 and
1812.94 ms. The R2 values were measured using spectra
recorded with seven different delay times: T = 4, 42, 82,
122, 202, 282 and 342 ms. The R1 and R2 values were ob-
tained by fitting the intensities of the peak heights in each
spectrum to a single exponential curve using a non-linear



least-squares fitting program, CURVEFIT, available from
the web site of Palmer’s group (http://cpmcnet.
columbia.edu./dept/gsas/biochem/labs/palmer/software.
html). Errors in R1 and R2 were estimated by Monte
Carlo analysis using CURVEFIT. 1H-15N steady-state
NOE values were obtained by recording spectra with and
without 1H saturation for 3.0 s, and by calculating the ra-
tios of the intensities of the peak heights. The errors in
NOE were estimated using the root-mean-square value of
the background noise [40].

Relaxation data analysis
The overall rotational correlation times for backbone NH
bond vectors of LF mutant HEL in the absence or pres-
ence of (NAG)3 were calculated from the R2/R1 ratios us-
ing a program, R2R1_TM, available from the web site 
of Palmer’s group (http://cpmcnet.columbia.edu./dept/
gsas/biochem/labs/palmer/software.html). The values of
S2, te, Rex and Sf2 were calculated with a program, Mod-
elfree4.0 [41], available from the same site, by applying
the isotropic diffusion model with the obtained overall ro-
tational correlation time.

Results

Temperature dependencies of lysozyme activity
We previously obtained two thermostabilized mutant
HELs in which M12 and L56 were mutated to L and F, re-
spectively (LF mutant HEL) or to F and F, respectively
(FF mutant HEL) [34]. The activity of LF mutant HEL
was lower than that of FF mutant HEL at 40°C. There-
fore, we examined the temperature dependence of the ac-
tivity in LF mutant HEL. The activity of LF mutant HEL
against glycol chitin was measured in 0.1 M acetate
buffer (pH 5.5) at various temperatures. As shown in fig-
ure 1, wild-type HEL had optimum activity at 70°C, and
the activity decreased gradually above this temperature

due to the denaturation. On the other hand, the activity of
LF mutant HEL was less than that of wild-type HEL at
low temperature and was higher than that of wild-type
HEL at high temperature. Thus, the temperature depen-
dence of LF mutant HEL activity was shifted to the high-
temperature side compared with that of wild-type HEL.

1H-15N chemical shift assignments
The backbone amide 1H and 15N resonances of the LF
mutant in the absence or in the presence of (NAG)3 were
assigned with 15N-edited NOESY-HSQC and 15N-edited
TOCSY-HSQC spectra on the basis of the published as-
signments for wild-type HEL [42]. There are 125 amino
acid residues in LF mutant HEL, excluding the N-termi-
nal amino acid residue and three Pro residues. The reso-
nances of LF mutant HEL in the absence or presence of
(NAG)3 were observed for 110 or 83 out of 125 main-
chain amide groups, respectively. The chemical shifts of
resonances of LF mutant HEL in the presence of (NAG)3

were broadened more than those in the absence of
(NAG)3. These residues were located in the active-site re-
gions of loop A-B (Y20, N37), strand 2 (S50, D52, Y53),
turn 2 (I55, F56, Q57), strand 3 (I58, N59, S60, R61), the
long loop (R61, W62, W63, R73, L75, C76), 310(i) (L83),
helix C (S86, S91, N93, I98), loop C-D (S100, D101,
G102, N103, G104, M105, A106, A107) and helix D
(W108, V109, A110, W111). The finding that the signals
were broadened by the substantial conformational ex-
change for a large subset of residues upon binding of the
substrate analogue is consistent with our previous report
[33].

Relaxation analyses of lysozyme in the absence 
or presence of substrate analogue
We measured the relaxation parameters of LF mutant
HEL in the absence or presence of (NAG)3 according to
our previous report [33]. These parameters were obtained
by fitting the peak heights of a series of spectra recorded
with different delay times, T, to single exponential curves,
as described in Materials and methods. The R1, R2 and
1H-15N NOE values obtained are shown in figure 2. The
R2/R1 values of LF mutant HEL were very similar to
those of wild-type HEL. With regard to the motional
anisotropy of wild-type HEL in the absence or presence
of (NAG)3, it was suggested that the isotropic motion ob-
served in our previous report was valid [33]. Therefore,
we adopted the isotropic diffusion models for the LF mu-
tant HEL in the absence or presence of (NAG)3 in order
to perform the model-free analysis. For the isotropic mo-
tion, the overall rotational correlation time (tm) was cal-
culated from R2/R1 values of residues. The calculated tm

values were 5.010 ns and 5.166 ns for LF mutant HEL in
the absence and presence of (NAG)3, respectively. By ap-
plying these values, R1, R2 and NOE were fit with five
models consisting of the following subsets of the ex-
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Figure 1. Temperature dependencies of activities in wild-type HEL
(open circles) and LF mutant HEL (closed triangles). Activities
were determined at pH 5.5 using glycol chitin as a substrate. 



tended model-free parameters: (i) S2; (ii) S2 and te; (iii) S2

and Rex; (iv) S2, te and Rex and (v) Sf2, Ss2 and te; where
S2 is the square of the generalized order parameter, te is
the effective correlation time, Rex is the chemical ex-
change term and Sf2 is the square of the order parameter
for the internal motion on the fast time scale. The order
parameter and Rex for LF mutant HEL are shown in fig-
ure 3. For most residues, the order parameters in LF mu-
tant HEL in the absence of (NAG)3 were in the range
0.8–1.0, indicating that the motions on a fast time scale
were largely restricted. The residues for which there was
an increase of the order parameters in the presence of
(NAG)3 were located in loop A-B (G16 and L17), turn 1
(N46 and T47), the long loop (S72) and loop D-310 (C115

and K116). On the other hand, in the residues that were
located in the long loop (C64) and C terminus (R128), the
order parameters decreased through the binding of
(NAG)3 (fig. 3). Rex values were observed for 19 residues
for LF mutant HEL in the absence of (NAG)3. Eleven Rex
values observed for the free enzyme disappeared in the
complex (fig. 3). These residues were located in loop 
A-B, the N terminal of the long loop and loop D-310. 

Discussion

Usually, the limb of the high-temperature side in the
curve for the temperature dependence of activity reflects
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Figure 2. 15N R1 (a), R2 (b) and 1H-15N NOE (c) values of LF mutant HEL in the absence (closed circles) or presence (open circles) of
(NAG)3 at pH 3.8 and 35°C.



the denaturation of the protein. On the other hand, the rise
in activity at the limb of the low-temperature side may re-
flect the attainment of the fluctuation required for the en-
zyme to elicit its function [32]. In this paper, we found
that the temperature dependence of the activity of LF mu-
tant HEL shifted to the high-temperature side compared
with that of wild-type HEL. The characterization of 
the crystal structure of LF mutant HEL showed that its
overall and local structures were very similar to those of
wild-type HEL [34]. Since the position of the cavity is far
from the active-site clefts in the lysozyme (fig. 4), the de-
crease in activity for LF mutant HEL did not depend on
an increase in the dissociation constant [34]. Therefore,
the decrease of  activity at the low-temperature side in LF
mutant HEL must be attributable to long-range effects,
presumably changes in fluctuations. Thus, we examined
the internal motions of LF mutant HEL in the absence or
presence of a substrate analogue by model-free analysis.
Model-free analysis, a widely accepted method for eval-
uating the internal motions of a molecule, combines a
generalized-order parameter, such as a measure of the
spatial restriction of the 15N-1H bond vectors (S2), which
contributes to small amplitude motions on the pico- to
nanosecond time scale, and the chemical exchange in line
width (Rex), which is a microenvironment change on the

micro- to millisecond time scale. An increase in the order
parameter (S2) values and the disappearance of the chem-
ical exchange in line width (Rex) values imply the re-
striction of internal motions of a protein. We measured
the relaxation parameters of LF mutant HEL in the ab-
sence and presence of a substrate analogue, (NAG)3 (fig.
2), and used these parameters to carry out the model-free
analyses (fig. 3).
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Figure 3. Order parameters and Rex values of LF mutant HEL at pH 3.8 and 35°C. (a) Order parameters of LF mutant HEL in the absence
(closed circles) or presence (open circles) of (NAG)3. (b) Rex values of LF mutant HEL in the absence (closed circles) or presence (open
circles) of (NAG)3.

Figure 4. Structure of LF mutant HEL (1IOR). Leu 12 and Phe 56
are indicated.



To examine the effect of the cavity-filling mutations of
the lysozyme in the absence of a substrate analogue, the
model-free parameter of LF mutant HEL (closed circles)
was compared with that of wild-type HEL (open circles)
(fig. 5). As shown in figure 6, the order parameters in the
LF mutant HEL did not change drastically from the delta
of the order parameters, but increased slightly over the
entire region. Moreover, several residues in the long loop
region and turn 2 of LF mutant HEL lost Rex values com-
pared with those of wild-type HEL (fig. 5). This sug-
gested that the internal motions of the lysozyme were
slightly restricted by the cavity-filling mutation in the ab-
sence of a substrate analogue. 
In the enzyme-substrate complex, a previous study sug-
gested that the decreases in the values of the order para-
meters contributed to the compensation for the entropy
penalty caused by the immobilization of residues upon
substrate or ligand binding [43]. The order parameter
value of many residues in wild-type HEL decreased more
in the presence of the substrate analogue than in its ab-
sence. This phenomenon suggested that the motion to
compensate the entropy penalty was very critical to the
ability of wild-type HEL to demonstrate activity. More-
over, based on the comparison between LF mutant HEL

(closed circles) and wild-type HEL (open circles), the 
values of the order parameters of LF mutant HEL in the
presence of (NAG)3 were generally higher than those of
wild-type HEL at 35°C. In particular, a drastic increase in
the value of the order parameters was observed in turn 1
(N46), the long loop (N65, N77) and loop D-310 (C115,
D119) (figs. 7, 8). This suggested that the internal motions
on the pico- to microsecond time scale, motions which
play a major role in compensating the entropic penalty,
were restricted in the complexed LF mutant HEL.
On the other hand, the observed Rex terms in LF mutant
HEL and wild-type HEL in the presence of (NAG)3 are
shown in figure 7. The behavior of Rex in the presence of
the substrate is considered to express the motion on the
catalytic action, because many enzymatic reactions occur
on a micro- to milliseconds time scale [44]. The number
of residues with Rex values in LF mutant HEL was dras-
tically decreased compared with that in wild-type HEL.
These residues where Rex disappeared were V2, E35,
N46, C64, N65, N77 and C115, excluding residues which
could not be analyzed due to the decreases in intensity by
the binding of (NAG)3. In particular, E35 and N46 are lo-
cated at the substrate-binding cleft. We therefore suggest
that the cavity-filling mutation in the hydrophobic core of
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Figure 5. Order parameters and Rex values of LF mutant HEL and wild-type HEL in the absence of (NAG)3 at pH 3.8 and 35°C. The or-
der parameters and Rex values of wild-type HEL in the absence of (NAG)3 are cited from Mine et al. [32]. (a) Order parameters of LF mu-
tant HEL (closed circles) and wild-type HEL (open circles). (b) Rex values of LF mutant HEL (closed circles) and wild-type HEL (open
circles). 
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Figure 6. Plots of the differences in order parameters between LF mutant HEL and wild-type HEL in the absence of (NAG)3 as a function
of residue number. DS2 indicates the difference order parameter that is obtained by subtracting the order parameter of wild-type HEL 
from that of LF mutant HEL.

Figure 7. Order parameters and Rex values of LF mutant HEL and wild-type HEL in the presence of (NAG)3 at pH 3.8 and 35°C. The or-
der parameters and Rex values of the wild-type HEL in the presence of (NAG)3 are cited from Mine et al. [32]. (a) Order parameters of LF
mutant HEL in the presence of (NAG)3 (closed circles) and of wild-type HEL in the presence of (NAG)3 (open circles). (b) Rex values of
LF mutant HEL in the presence of (NAG)3 (closed circles) and of wild-type HEL in the presence of (NAG)3 (open circles).



the lysozyme caused the restriction of internal motions
required for enzymatic reaction at 35°C, resulting in a
decrease in lysozyme activity. The restrictions in the in-
ternal motions in LF mutant HEL were consistent with
the result that LF mutant HEL showed a shift of optimum
activity to the high-temperature side. Enzymes from ther-
mophilic bacteria display little activity at room tempera-
ture. Zavodszky et al. [13] confirmed that the conforma-
tional fluctuations necessary for catalytic function were
restricted at room temperature in the enzymes from a
thermophilic bacterium because of the increased confor-
mational rigidity required to stabilize the protein against
heat denaturation. Moreover, this group suggested that
there was a relationship between the thermal stabilities
and the conformational flexibilities of 3-isopropylmalate
dehydrogenases from the psychotropic bacteria Vibrio sp.
I5, mesophilic Escherichia coli and Thermus ther-
mophilus [18]. These results were obtained by H/D ex-
change. In another study, a comparison of the detailed in-
ternal motion between the enzyme from T. thermophilus
and that from E. coli was made using 15N nuclear mag-
netic spin relaxation for ribonuclease HI in the absence of
substrate [20]. Although the internal motions on the pi-
cosecond to nanosecond time scale of ribonuclease HI
from T. thermophilus were similar to those from E. coli,
the Rex values in ribonuclease HI from T. thermophilus
were higher than those from E. coli [20]. 
In the present study, as well as in two previous studies
[32, 33], we examined the internal motions of an enzyme
during both a shift to the high-temperature side and a shift
to the low-temperature side for the temperature depen-
dence of enzyme activity, and demonstrated that the ele-
vation of activity in protein function at the low-tempera-
ture limb is related to the ability of the protein to elicit its
function, and that this is intimately related to the internal
motions of the protein. These findings should help to im-

prove our understanding of the biological functions dis-
played by proteins at various temperatures.
We can conclude the present study as follows. We showed
that the stabilization by the cavity filling in the hy-
drophobic core of HEL induced a shift in the temperature
dependence of activity to the high-temperature side.
Moreover, the model-free analysis at 35°C, suggested
that the internal motions of LF mutant HEL in the pres-
ence of (NAG)3 were restricted more than those of wild-
type HEL. Based on these findings and our previous 
results [32, 33], we conclude that the moderate internal
motions are very important for the manifestation of en-
zymatic activity. 
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