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ABSTRACT: Bombyx morilysozyme BmlLZ), from the silkkworm, is an insect lysozym&mLZ has
considerable activity at low temperatures and low activation energies compared with those of hen egg
white lysozyme (HEWLZ), according to measurements of the temperature dependencies of relative activity
(Iytic and glycol chitin) and the estimation of activation energies using the Arrhenius equation. Being so
active at low temperatures and low activation energies is characteristic of psychrophilic (cold-adapted)
enzymes. The three-dimensional structur®pi.Z has been determined by X-ray crystallography at 2.5

A resolution. The core structure 8imLZ is similar to that ofc-type lysozymes. HoweveBmLZ shows

some distinct differences in the two exposed loops and the C-terminal region. A detailed comparison of
BmLZ and HEWLZ suggests structural rationalizations for the differences in the catalytic efficiency,
stability, and mode of activity between these two lysozymes.

The immune system in insects consists of an arsenal ofresidues in comparison with the other vertebrate lysozymes,

innate and inducible antibacterial factot @), of which and the level of sequence identity betweBmLZ and
lysozyme is the most ubiquitous. Lysozyme catalyzes the HEWLZ is ~40%. As this low level of sequence identity
hydrolysis of the 3-1,4-glycosidic linkage betweem- implies, vertebrate and invertebrate lysozymes are likely to

acetylglucosamine and muramic acid of the peptidoglycan, be considerably different in their structural and functional
which is an important constituent of Gram-positive bacterial features. Actually, while a typical lysozyme is a thermally
cell walls 3), with consequent lysis of the bacterial cell wall. very stable protein, low thermal stability has been reported
In addition, the peptidoglycan fragments liberated during this in BmLZ according to measurements made by differential
hydrolysis elicit the inducible immune response in insects, scanning calorimetry (DSC) or circular dichroism (CD)
e.g., the synthesis and secretion of antibacterial peptides angpectroscopyl2). Additionally, according to the results of
proteins such as cecropid, (5). experiments on the typical hydrolytic pattern of a substrate,

Lysozyme is a basic protein that can act as a bactericide. PNP-(GICNAc}, the substrate-binding mode &mLZ is
It is widely distributed among vertebrate and invertebrate different from that of HEWLZ (2).
animals and has been utilized as a useful model protein for In this study, we analyzed the temperature dependence of
studying structural stability and folding mechanisms. Many the activity ofBm_LZ and HEWLZ by measuring the Iytic
researchers have investigated the features of vertebratectivity and glycol chitin activity, and we estimated the
lysozymes 6—10). In contrast, although the amino acids and activation energies of these two lysozymes using the Arrhe-
complementary DNA (cDNA) sequences of invertebrate nius equation. To characterize the activitiesBiflLZ, we
lysozymes from several species have been determined, fewdetermined its X-ray crystal structure by a molecular
of their physicochemical or structural properties have been replacement method, refined at a resolution of 2.5 A to an
analyzed. R-factor of 19.7% Riee = 22.2%).

The lysozyme-encoding gene has been isolated from The p_sychrophili_c (col_d-_adapted) enzyme is characterized
Bombyx moriand its expression system has been constructed?y @ high catalytic efficiency at low temperatures, ac-
(11-13). BmLZ! has 119 amino acid residues, and its companied by a low thermal stability. It has been proposed

molecular weight is~13800. There is a deletion of 9 or 10  that psychrophilic enzymes such as psychropbsamylase,
pB-lactamase, bacterial subtilisin, lipase, and trypsin have a

more flexible molecular structure when compared to meso-
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analysis show similarity betwedBmL_Z and psychrophilic
enzymes, thus explaining the effective activity at low
temperatures and low thermal stability. For example, a small

Table 1: Absolute Activity Comparison

BmLZ HEWLZ

number of interdomain hydrogen bonds is one of the factors ., - Lytic Activity (x1C° U”itsﬁlmf'%z 016
that reduce the stability of the cold trypsir&l). Further- 30°C 304 076
more, the difference in the substrate-binding mode between ss5-°c (optimal temperature @mi_2) 4.18 2.05
BmLZ and HEWLZ can be understood by making a structural 60 °C (optimal temperature of HEWLZ) 4.15 2.07
comparison of these two lysozymes. Glycol Chitin Activity (x10° AA*2Yumol)
15°C 0.028 1.05
MATERIALS AND METHODS 30°C 0.043 2.07
55°C (optimal temperature @&mL_Z) 0.090 5.98
Materials. Expression and purification oBmLZ were 60°C (optimal temperature of HEWLZ)  0.087 6.29

carried out using the expression system (continuous fermen- 2 Units = AA*9min/0.001. One unit is defined as the amount of
tation) of the methylotrophic yeaBichia pastoris(13). The enzyme able to decrease the OD at a rate of 0.001/min.

purity of theBmLZ was confirmed with reverse-phase high-

performance liquid chromatography (HPLC), sodium dodecyl constructed from the atomic coordinates of HEWLZ (1LZA;

sulfate—-polyacrylamide gel electrophoresis (SBBAGE), 28). The structural refinements were performed using the
and mass spectroscopy. HEWLZ was obtained from Seika- program CNS 29). Ten percent of the reflection data were
gaku Kogyo (Tokyo, Japan). set aside for the calculation &%ce.

Assay of Lysozyme Adty. We estimated the lytic Analysis of Structural Featuresihe root-mean-square

activities ofBmLZ and HEWLZ againsMicrococcus lyso- ~ deviations (rmsds) were calculated with LSQKAB,; the
deikticususing the turbidometric metho@%) based on the  accessible surface area (ASA) was calculated with the
decrease in turbidity of a 2.9 mL cell suspension (0.3 mg/ programs SURFACE and RESAREA with a probe radius
mL) in 50 mM sodium phosphate buffer (pH 7.0) after the of 1.4 A, and hydrogen bonds were analyzed with CONTAC
addition of 100uL of a lysozyme solution (0.2M) in 50 using the following criteria: maximum distance of 3.5 A
mM sodium phosphate buffer (pH 7.0). The decrease in from the donor to acceptor and minimal angles of L&
absorbance was monitored at 450 nm with a thermostatically O-**H—N bonds and 90 for OH---O—C or NH--O-C
controlled cell holder. The activities of both lysozymes bonds. LSQKAB, SURFACE, RESAREA, and CONTAC
against glycol chitin were determined as described previously are contained in the CCP4 packag6)( WHATIF (31) and

(23, 24) with slight modifications. First, 5L of 50 uM O (27) were used for visual inspection of the structures.
BmLZ (2 uM HEWLZ) in a 0.1 M sodium chloride solution Estimation of Protein Concentration§he concentration
was added to 0.5 mL of a 0.5 mg/mL ethylene glycol chitin of lysozymes was estimated by the absorbance at 280 nm
in 0.1 M sodium acetate buffer (pH 5.5) and incubated for using molar extinction coefficients for HEWLZ argin.Z

30 min. After the reaction, 1 mL of a potassium ferricyanide at 280 nm of 38.5x 10° and 27.9x 10°* cm™* M™%,
solution was added, and the reducing sugar was identifiedrespectively 12, 32).

by incubation at 80C for 1 h. After the mixtures cooled,

we read the optical density at 420 nm. Using these two RESULTS AND DISCUSSION

methods, we measured the activity fromi@ (glycol chitin Comparison of the Temperature Dependence of Catalytic
activity) or 5°C (lytic activity) to 65°C at 5°C increments.  Activity. We used two methods to determine the temperature
Maximal activity occurred at the optimal temperatures in dependencies of the activities and activation energies of
BmLZ (55 °C) and HEWLZ (60°C). The relative activity =~ Bm_z and HEWLZ. The conventional method for measuring
of BmLZ was represented at each temperature as a percentagftic activity has been to use the lysation of the cell wall of
of the maximal activity oBmLZ at the optimal temperature,  the Gram-positive bacterium known &8. lysodeikticus
and that of HEWLZ reveals a percentage of the maximal Because this method measures the decrease in turbidity
activity of HEWLZ in the same way. concomitant with cell lysation, the lytic activity does not
Crystallization, Data Collection, and Structure Refinement. directly reflect the catalytic reaction (the hydrolysis of the
The crystals oBmlLZ were obtained by vapor diffusion of  3-1,4-glycosidic linkage). Therefore, we also measured
hanging drops using 0.1 M sodium cacodylate buffer (pH glycol chitin activity, because it could be measured directly
6.7) containing 10 mg/mL protein, 0.2 M ammonium sulfate, by detecting the reducing groups produced by the catalytic
and 26% (w/v) PEG-8000 at 18C. After 2 weeks, the  reaction. Activities were represented as absolute or relative,
crystals had grown to a size of 0.3 mm 0.2 mm x 0.2 that is, normalized against the activity at the optimal
mm. The space group of the crystal wa4,2,2 with the temperature. This was a convenient way to compare the
following cell dimensions:a=b = 77.3 A andc = 72.9 activity—temperature profiles of HEWLZ andm_Z.
A. There is one monomeric molecule in an asymmetric unit  We measured the lytic activities &m_LZ and HEWLZ
(Vm = 3.96 A¥/Da, solution content= 69.0%). The reflection  againsiM. lysodeikticusat pH 6.0 and at several temperatures
data of theBmLZ crystals were recorded on an imaging plate (from 5 to 65°C, at 5°C intervals). At 30°C, the absolute
system, DIP-2000 (MAC Science), using CaK1.5418 A) activity of BmLZ was found to be~4 times greater than
radiation at 10°C. The data were integrated, scaled, and that of HEWLZ (Table 1). The maximal activity occurs at
merged using the programs DENZO and SCALEPAQRE)( the optimal temperature, and the optimal temperature of
The initial model of BnmLZ was obtained by molecular BmLZ (55 °C) is slightly lower than that of HEWLZ (60
replacement using the program AMoR&$), and the model  °C). The relative activity was represented at each temperature
was rebuilt with the program C27). A search model was as a percentage of the maximal activity at the optimal
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Ficure 1: Temperature dependencies of the relative activitBmEZ and HEWLZ. The optimal temperatures Bm_Z and HEWLZ are
55 and 66°C, respectively. The relative activity was expressed at each temperature as a percentage of the activity at the optimal
temperature: (a) lytic activity measurement and (b) glycol chitin activity measurement.

Table 2: Activation Energy Comparison fluctuations. Lindersthm-Lang and Schellman noticed the
e activit ool chitin activit existence and significance of this flexibility, and later the
y y gy y “fluctuation fit” concept of enzyme function was developed
(kJ/molp (kJ/mol} . . . .
g 66535 67118 by Straub in 1964 with regard to conformational fluctuations.
HEWLZ 4274 6.2 523125 More flexible proteins require lower activation energies

because conformational changes are necessary for the protein
to reach the activation state.

temperature. The temperature dependencies of the relative Both the relative lytic and glycol chitin activitiek ¢alues)
lytic activity of BmLZ and HEWLZ are shown in Figure of BmLZ are larger than those of HEWLZ over a low-

1a. This figure shows that he relative actviygiz s~ STEERCIE TR T O TS S A O s
higher than that of HEWLZ at low temperatures (at°(g P

the relative activities oBmL.Z and HEWLZ are 37 and 8% occurring at low temperatures. It has been proposed that this
respectively) ' catalytic efficiency is gained by an appropriate folding

. o flexibility (33). A loose conformation of the psychrophilic
HI;NV\?L? Z?i)ul-:eg.;haen c?lglee\(/:grlglnt:;tévétrétfg;_%frsgdo to o-amylase is indeed suggested by the susceptibility of
65°C, at 5°C intervals). At 30°C, the absolute activity of secondary structures to unfoldlng at moderate temperatures
BmLZ is ~50 times lower than that of HEWLZ, in contrast (34), by the fast denaturation r_ates mduceq by temperature,
with the lytic activity (Table 1). As noted, the optimal urea, or GdnCl, and by the shift of thg _opt|mal temperature
temperature oBmLZ (55 °C) is slightly lower than that of of activity. Because the above proposition can be applied to

o . . . . BmLzZ, it is expected thatBmLZ is more flexible than
HEWLZ (60 C).' AS was done with lytic activity, the relative HEWLZ, as would be the case for a psychrophilic enzyme.
glycol chitin activity was expressed at each temperature, and .
the temperature dependencies are shown in Figure 1b. This X-ray Crystal Structure of BmLZlhe 2.5 A resolution
figure shows that the relative activity Bim_Z is higher than ~ Structure ofBmLZ was obtained by the molecular replace-
that of HEWLZ at low temperatures (at 28, the relative ~ Ment (MR) method, refined to @Rfactor of 19.7% Ryee =
activities of Bm_Z and HEWLZ are 31 and 17%, respec- 22.2%). Table 3 shows the X-ray crystallographic parameters
tively). These activity measurements show tRet.Z hasa ~ and refinement statistic&mLZ, as shown in Figure 2a, is
lower optimal temperature and more effective activity at low Composed of three majorhelices (helix A, residues Arg5
temperatures than HEWLZ. These are the properties of Lys14; helix B, residues Met22GIu32; and helix C, residues
psychrophilic enzymes. Thr84—His97), two short helices (residues Ser1&u78 and

Activation energy E) was estimated by a least-squares 1Yr103-Trp105), and an antiparallg-sheet (S1, residues
fitting with a set of data points (relative activity and ~ Thr40-Thrd2; and S2, residues Lys48yr50). The active
temperaturd) to the Arrhenius equatiork& Ae ER). The site residues (Glu32 and Asp49) inside of a deep cleft are
activation energy oBmLZ is lower than that of HEWLZ, fully conserved, as is the case with other lysozymes.
as listed in Table 2, which means thgatlZ can catalyze at Thermodynamic ParametersC,. To estimate the thermal
a lower activation energy than HEWLZ. The flexibility of  stability of BmLZ, the thermodynamic parameters [denatur-
protein molecules is reflected in perpetual conformation ation temperatureTg), enthalpy changeAH), Gibbs free

aValues=+ standard deviations.
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Table 3: Statistics for the Final Collection Set and Refinement of (a) L.
X-ray Crystallography Active site
data collection
space group P4,2,2
cell dimensions (A) a=b=7727c=7292
resolution (Ay 100-2.5 (2.59-2.5)
no. of observations 97639
11a(1) 20.90 (3.84)
total no. of unique reflections 7862 (747)
completeness (%) 98.6 (96.4)
multiplicity 7.12 (5.08)
Rmerge(1)® 0.08 (0.30)
refinement
resolution (A) 16-2.5
R-factor (%} 18.1
Riree (%) 22.3 (b)
no. of non-hydrogen atoms
protein atoms 963
water atoms 65
rms deviations from ideal geometry
bond distances (A) 0.009
bond angles (deg) 1.550
averageB values (&)
all atoms 49.20
all protein atoms 38.85
main chain atoms 31.50

2Values in parentheses are for the automart resolution chékge
= Yyl OhCH Injl/YnYlnj, wherel[s the mean intensity of symmetry
equivalent reflections: R-factor= Y |Fops — Fcal/Y Fobs WhereFgpsand
Fca are the observed and calculated structure factors, respectily
was calculated foR-factor, using only an unrefined subset of reflection (C) (d)
data (10%).

energy changeAG), and heat capacity changA,)] for
unfolding were obtained by Masaki et all2) by using
differential scanning calorimetry (DSCNAC,, which is
thermodynamically equivalent to the slope of the plot of . . . .
AHcy VersusTy, is one of the most important parameters Ficure 2: (a) Ribbon model oBmLZ in which a-helices are

. - : - . sequentially labeled from A to C and catalytic residues are drawn
expressing the stability of globular proteins against unfolding. (fig?ure proguced using MOLSCRIPT).(—hd)ySuperimposed main

The respective values oAC, are 1.07 BmLZ), 1.57 chain conformation oBmLZ (green) and HEWLZ (orange). (b)
(HEWLZ), and 1.55 kcal mol K=! [human lysozyme  Whole folding. (c) The region included loop 1. (d) The region
(HLZ)] (35, 36). Any increase in heat capacity induced by included loop 2. This figure was produced using MOLMOL.
the unfolding of a globular protein is attributed to the
exposure and hydration of internal amino acids during the Table 4: AASAs of Apolar and Polar Residues and,

unfolding process. Therefore, the thermal stability of the three BmLz HEWLZ HLZ
enzymes can be estimated by comparing the amino acidaasa,,(A? 6779.4 7524.9 7911.8
compositions of the buried part BhLZ, HEWLZ, and HLZ. AASAL, (A?) 7114.7 7231.3 7460.4

AC, between the arbitrary conformational states of a calculatedAG,®  1.201+0.349 1.506t 0.367 1.620+ 0.382

; ; oot (kcal K- mol™?)
protein can be expressed as a linear combination of theexperimentahcp 1.07 157 1.55

differences in the solvent accessible surface areas in polar 4| k-1 mol-)
(AASALG) ]:arllld apolar AASA,) residues between those — — €= ACyuf AAS A T AC, o MASAT ACoa — 0452 002
states, as follows: cal KT Mol L A2, ACypa® = —0.26-+ 0.03 cal KL mol-+ A-2. b Pfei

_ ° ° and Privalov 85, 36).
AC,= AC,,*AASA,,+ AC, ,,°AASA

p,pol

WhereAprap° and Acp,polo are the e|ementary apo|ar and estimated values. The fact that the value Of-the thermOdy-
polar contributions to the total heat capacity increment, hamic parameteAC, for BmLZ is smaller than in two other
respectively. These ASA values were calculated using the lysozymes can be explained by the hydration of the residues
program SURFACE (from the CCP4 program package) with during the disruption of the conformation.

a probe size of 1.4 A. Water molecules in the folded structure ~ Structural Basis for the Thermodynamic Stability and
were removed, and the cavity surface was included for the Flexibility. When the three-dimensional structureRyLZ
calculation ofAASA. The ASA values of the unfolded state is superimposed on HEWLZ in Figure 2, the rmsd value
were taken as the sum of the areas of each residue in arfor the main chain is 2.6 A. This high rmsd value is due
extended Gly-X-Gly environment. The calculated values of mainly to two loops, spanning residues Gladl8u21 (loop
AASAL, AASA,, andAC, in BmLZ, HEWLZ, and HLZ 1) and Lys63-Lys69 (loop 2) (corresponding to residues
between the folded and unfolded states are listed in TableAsp18—Ser24 and Asp66Asn74 in HEWLZ), with two or

4. The calculated values &C, correspond well with the  three residue deletions in each loop and the C-terminal region
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Ficure 3: B-factor of main chain atoms (g for (a) BmLZ and (b) HEWLZ. The horizontal line shows the averdjéactor.

Table 5: Lists of H-Bonds and Charge-Mediated Interactions

around Loops 1 and 2

Table 6: Comparison of Structural Parameters That Affect
Thermostability or Enzymatic Activity betwedBmLZ and HEWLZ

BmLZ

HEWLZ

around loop 1 His15 ©Lys91 NZ
Arg23 NE-Pro114 O

His15 NE2-Thr89 OG1
His15 ©Lys96 NZ

Asn24 ODETrpl05 NE1 Leul7 ©Trp28 NE1

around loop 2 Lys39 ©GIn54 NE2
Asn43 OD1-Asp49 OD2
Asn43 ND2-Asp49 OD2
Ser4d7 OG-Asn56 ND2
Lys48 N—Asp57 OD2
Asp49 OD1-Asn56 ND2
Tyr50 OH-Asp57 OD1
Tyr50 OH-Asp57 OD2
Asp57 O-Lys69 NZ
Arg58 O—Lys69 NZ
Ser62 OG-Gly68 N
Asp70 OD2-Lys92 NZ

Arg21 NE-Ser100 OG
Arg21 NH2-Ser100 OG
Tyr23 O—Trp28 NE1
Tyr23 OH—Met105 N
Asn27 OD}Trpl1ll NE
Ala42 G-GIn57 NE2
Asn44 ND2GIn57 OE1
Arg45 NHT-Arg68 NH1
Asn46 OD+Asp52 OD1
Asn46 OD*Asn59 ND2
Asp48 G-Arg61l NH2
Asp48 OD2Arg61 NE
Ser50 O6Asn59 ND2
Thr51 N-Ser60 OG
Thr51 OG*Arg68 NH2
Asp52 OD*Asn59 ND2
Leu56 O-Trp108 NE1
Ser60 OG-Thr69 OG1
Trp63 O—-Asn74 ND

BmLZ HEWLZ

no. of charged residues

acidic 14 9

basic 21 17
no. of hydrophobic residues

total 28 39

internal 9 10
aliphatic index 53.28 65.12
no. of H-bonds 154 188
H-bond/amino acid ratio 1.29 1.46
no. of salt bridges 8 3

from the 3-sheet. Thus, the stability around tAesheet in
BmLZ is lower than that in HEWLZ.

The crystallographic temperature facto&-factors) of
BmLZ also show the flexibility of thig3-sheet. Plots of the
B-factor of the main chain atoms 8&fmLZ and HEWLZ are
shown in Figure 3. Although thB-factor of thej-sheet in
HEWLZ is remarkably lower than the averaBdactor, this
region ofBmLZ has aB-factor much higher than the average,
which indicates that the conformation of thesheet oBm_Z
is flexible. There is a catalytic residue (Asp49) in fhsheet

of BmLZ. The conformations of the loops in the enzymes

of other species of vertebrates [human (1LZ1), canine

(1QQY), equine (2EQL), turkey (135L), pheasant (1GHL), L

bobwhite quail (1DKJ), and rainbow trout (LLMN)] are activation energy oBm.Z.

similar to that of HEWLZ 9, 37—42). A comparison between the total number of hydrogen bonds
As a consequence of residue deletion, the networks of Presentin each enzyme also supports the finding of a higher

H-bonds and the charge-mediated interactions involving thesedegree of flexibility of BmLZ (Table 6). There are 154

loops are different in the two lysozymes, as shown in Table hydrogen bonds ilBmLZ and 188 in HEWLZ (water-

5. Two hydrogen bonds in loop 1 in HEWLZ (Arg21l mediated hydrogen bonds are not included), with the H-bond/

Ser100 and Tyr23Met105), which help maintain the folding ~ @mino acid ratio having a value of 1.29BmLZ and 1.46

of thea-helix rich domain, are missing iBmLZ. Similarly, in HEWLZ.

three hydrogen bonds involving residues in loop 2 and in  One additional factor that contributes to the lower thermal

the5-sheet in HEWLZ (Arg45-Arg68, Thr51-Arg68, and stability and increased flexibility oBmLZ is the fact that

Tyr53—Asp66) are absent iBmLZ, and loop 2 is removed  the last Leull3llel16 C-terminal residues are in an

region, so the flexibility of this region probably contributes
to the effective activity at low temperatures and to the low
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is related to the level of lytic activity. Compared to that of

10 20 30 *® 40
stz KTFTRCGLVHELRKHGF EEN-—L MRNWVCLVEHESSROTSKI HEWLZ, the surface oBmLZ is more highly charged, and

HEWLZ K"o"Fm HGLDNLRGYSWNFNLUAE its distribution of charges is polarized. Thus, on the surface

of BmLZ there is a positively charged side that can contact
£50 & " % favorably the negatively charged cell wall of a Gram-positive
smiz. NTNRNGSKDYIGLFQ INDRYWCSKGASPG--KDCNVKCEDLLTD bacterium. This explains why the absolute lytic activity of

newiz - NRNTDGSTDYG ILQINSRWWCNDGRTPGSRNLCN |PCSALLSS BmLZ is higher than that of HEWLZ, as shown by the
0* o “‘ 8 experimental results (Table 1).

On the other hand, in terms of absolute glycol chitin

S0 100 1ne
gmiz D [TKAAKCAKKTYK-RHRFD AWYGRKNHCQGS-LPD-1SSC— (simple substrate) activityBm_Z exhibited activity remark-
HEWLZ DImNGMNM‘KGTDGCRL ably lower than HEWLZ {19 as much) (Table 1). This

may be due to the different substrate-binding modBrofZ
FIGURE 4 Sequence alignment &mLZ and HEWLZ. Asterisks  as compared with that of HEWLZ. Typical lysozymes, such
(*) denote catalytic residues. Boxed regions show where the residues, g HEWLZ, bind to six consecutive sugar rings in a cleft
formed secondary structures. Positively and negatively chargedk bsites AF. The cl ite (Asp52 and
residues are shown in blue and red, respectively. nown as subsites Ar. € cleavage site _( Sp an

Glu35) for HEWLZ is located between subsites D and E
(43), and the cleavage site (Asp49 and Glu32)Bon_Z is
conformationally identical with that for HEWLZ. The
experiments using a substrate, PNP-(GlcNA®vealed that
the hydrolytic patterns of substrates #m_Z and HEWLZ
were apparently differenip). Although both A-E and B-F
binding modes were observed in HEWLZ, the-B binding
mode was obviously dominant BmLZ. It is possible that
subsite A is not included in the binding site BflLZ. The
crystal structures of the substrate-binding siteBiwE.Z and
HEWLZ are described in Figure 6, and as the figure shows,
the binding of a substrate to subsite ABmMLZ may be
Ficure 5: Electrostatic potential at the surface BfLZ. The inhibited by the salt bridge between Asp70 and Arg96. At
surface ofBmLZ is a bipolarized, positive charge-rich surface (a) the same time, Asp101 (HEWLZ) is missing froBmLZ,
and a non-positive charge-rich surface (b). These surfaces ate 180and so is the interaction between its side chain and the

opposite each other. Positively and negatively charged residues argyitrogen atom at position 2 of GIcNAc.
shown in blue and red, respectively.

Conclusion.Two kinds of activity measurements showed
extended conformation, and nehelix structure (as observed thatBmlLZ has a lower optimal temperature of activity and
in HEWLZ) is present. greater relative activity at low temperatures than HEWLZ.

Protein Structure and Catalytic Acity. As shown in In addition, the activation energy &mLZ is lower than
Figure 4, the amino acid sequenceRiflLZ reveals a low that of HEWLZ in accordance with the flexibility &mLZ.
level of identity (44% residue) and similarity (58% residue, The three-dimensional structure BfmLZ was determined
G=A=S,S=T,V=L=|,F=W=Y,E=D=R by X-ray crystallography, and the observed differences with
= K, and Q= N) with that of HEWLZ. BnLZ has more the structure of HEWLZ help explain the flexibility &mLZ.
charged residues than HEWLZ does, as shown in Table 6.These results make clear the correlation among the activity,
Furthermore, most of the charged residuesBaofLZ are flexibility, and thermal stability in proteins that catalyze
located on the outside of the molecule, and the distribution under different circumstances. Furthermore, the difference
of positive charges has a tendency toward bipolarity (Figure in the substrate-binding mode betweml.Z and HEWLZ
5). It seems reasonable to suppose that the frequency withis explained by the structural comparison of these two
which the lysozyme contacts the cell wall of the bacterium lysozymes.

(a) BmLZ (b) HEWLZ (c) HEWLZ-(GlecNAc)

Glu32 $e?
&=

Asp 101

FIGURE 6: Substrate-binding sites (subsites-B). (a) BmLZ, (b) HEWLZ, and (c) HEWLZ with (GIcNAc). This figure was produced
using MOLSCRIPT.
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