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In the N-terminal region of the a-helix of the c-type lysozymes, two Asx residues exist at
the 18th and 27th positions. Hen lysozyme has Asp18/Asn27 (18D/27N), and we prepared
three mutant lysozymes, Asnl8/Asn27 (18N/27N), Asn18/Asp27 (18N/27D), and Aspl8/
Asp27 (18D/27D). The stability of the wild-type (18D/27N) lysozyme supported the
existence of a hydrogen bond between the side chain of Asp18 and the amide group at the N1
position in the ¢-helix, while the stability of the 18N/27D lysozyme supported the presence
of the capping box between the Ser24 (N-cap) and Asp27 residues. Although electrostatic
repulsion was observed between Aspl8 and Asp27 residues in 18D/27D lysozyme, the
dissociation of each residue contributed to stabilizing the B-helix in 18D/27D lysozyme
through hydrogen bonding and charge-helix macrodipole interaction. This is the first
evidence that two neighboring negative charges at the N-terminus of the helix both
increased the stability of the protein.
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Analysis of the Stabilization of Hen Lysozyme by Helix Macrodipole
and Charged Side Chain Interaction

phy.

A degree of instability of proteins is important for physio-
logical reasons, such as turnover. However, when proteins
are to be used as drugs, catalysts, and so on, it is desirable
to improve their stability. The «-helix has 3.6 residues per
turn and a translation per residue of 1.5 A. It can be divided
into three regions, the N-terminal region, the helix center,
and the C-terminal region. The main chain atoms of each
amino acid unit in the helix center have two hydrogen
bonds, while those in the N-terminal and the C-terminal
regions have one hydrogen bond.

The helix has a dipole moment with the positive pole at
the N-terminus and the negative one at the C-terminus (1).
Based on crystallographic data, it has been reported that
Asp and Glu residues exist in the N-terminal neighborhood
of the a-helix and that Lys, Arg, and His residues exist in
the C-terminal neighborhood of the @-helix (2). Therefore,
electrostatic interaction between charges and the helix
dipole should take part in the stabilization of a protein.

Several methods of stabilizing a protein by improving the
interaction at the N-terminus or the C-terminus of the
helix by means of one-point mutation have been reported.
For example, the «-helix of a synthetic peptide was
stabilized by introducing a charged residues at both ends
(3). Barnase was stabilized by introducing a charged

' To whom correspondence should be addressed.

Abbreviations: GdnHCl, guanidine hydrochloride; 18N/27N lyso-
zyme, a mutant lysozyme in which Aspl8 is mutated to Asn; 18D/
27N lysozyme, wild-type lysozyme; 18N/27D lysozyme, a mutant
lysozyme in which Aspl8 and Asn27 are mutated to Asn and Asp,
respectively; 18D/27D lysozyme, a mutant lysozyme in which Asn27
is mutated to Asp; DSS, 4,4-demethyl-4-silapentane-1-sulfonate;
DQF-COSY, two-dimensional double-quantum-filtered J-correlated
spectroscopy.

residue, His, at the C-terminus of the «-helix (4, 5) and the
thermostabilization of T4-lysozyme was achieved by intro-
ducing the charged residue, Asp, at the N-terminus of the
a-helix (6). On the other hand, there is no report that
double charges at the N-terminus of the helix affect the
stability of a protein, although it has been demonstrated
that the instability of RNase T, is due to the presence of two
charged residues, Glu and Asp, at the C-terminus of the
a-helix (7).

In almost all of the c-type lysozymes, a surface-exposed
acidic residue is located at position 18, near the N-terminus
of the a-helix, which extends from residues 25 to 35
(B-helix). In rat, mouse-P, or mouse-M lysozyme, a buried
acidic residue is present at position 27, which is located at
the N3 position of the B-helix. Residues 18 and 27 in hen
lysozyme are Asp and Asn, respectively (Table I and Fig.
1). To date, however, no data are available on the stability
of rat and mouse lysozymes. Therefore, in this paper, we
focus our attention on how the buried acidic residue at
Asp27 contributes to the stability and how it affects the
dissociable residue (Aspl8) located near position 27,
because the distance between the Cy atoms of these
residues is about 10 A based on X-ray crystallographic
data.

Thus, we prepared three mutant lysozymes, Asnl8/
Asn27 (18N/27N), Asn18/Asp27 (18N/27D), and Aspl8/
Asp27 (18D/27D), and compared their stability and struc-
ture with those of the wild-type lysozyme (18D/27N) using
X-ray crystallography and NMR analysis.

MATERIALS AND METHODS
Materials—Restriction enzymes, T4 polynucleotide ki-
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TABLE I. Comparison of primary structure of hen, human,
mouse P, mouse M, and rat lysozyme around the B-helix (25-
35).

15 20 30 40 Reference
Hen HGLDNYRGYSLGNWV CAAK F ESNFNT 21
Human L-MDG---I--AN-MCLA-W--GY-- 22
Mouse P N-MDG---VK-AD.- - .L-QH--DY. - 23
MouseM N-MAG-Y-V--AD. - .L-QH--DY.- 24
Rat N-MSG-Y-V--AD. . .LL-QH--DY- - 25
B-helix

nase, and DNA polymerase I (Klenow fragment) were
purchased from either Takara Shuzo (Kyoto) or New
England Biolabs (Beverly). Micrococcus luteus and DNA
sequencing kits (Sequenase) were purchased from Sigma
and Amersham Japan (Tokyo), respectively. CM-Toyo-
pearl 650M, a cation-exchange resin for the purification of
secreted hen lysozyme, was obtained from Tosoh (Tokyo).
A Wakopak ;C,3 column (200 mesh) was obtained from the
Wako Pure Chemicals Institute (Osaka). All other chemi-
cals were of analytical grade for biochemical use.

Purification and Identification of Lysozymes Secreted by
Yeast—Mutant lysozymes (18N/27N, 18N/27D, and 18D/
27D lysozyme) were prepared as described before (8). Each
yeast (Saccharomyces cerevisiae AH22) transformant was
cultivated at 30°C for 125 h for expression and secretion of
each lysozyme, as described before (8). Purification (ion-
exchange chromatography) and identification (peptide
mapping, amino acid sequencing, and amino acid composi-
tion) of the lysozymes secreted by the yeast were carried
out as before (9). Each mutation was confirmed by DNA
sequencing and peptide analysis (9).

Stability of Mutant Lysozymes Examined by GdnHCI
Denaturation—Unfolding equilibria of the lysozymes in the
presence of guanidine hydrochloride (GdnHCI) were eva-
luated at pH 5.5 and 35°C by measuring the fluorescence at
360 nm (excited at 280 nm). The protein concentration was
9.3%x 107" M, and the buffer used was 0.1 M sodium acetate
adjusted to pH 5.5 with HCl. Details of the analysis were
the same as described earlier (9). Namely, by assuming a
two-state transition for unfolding, the equilibrium constant
between the folded (N) and the unfolded (D) states, K, =
D/N, and the free energy of unfolding, 4G= — RTInKj, at
a given concentration of GdnHC! were calculated from each
unfolding curve, and a least-squares analysis was used to fit
the data to Eq. 1,

4G = 4G(H,0) — m[GdnHCl] (1)

where AG(H,0) is the value of 4G in the absence of
GdnHCI and m is a measure of the dependence of 4G on
GdnHCI concentration. The midpoint of GdnHCI denatura-
tion is Gs=d4G(H,;0)/m, because A4G=0 at Gys. The
values of 44G(H,0) are calculated using Eq. 2 and the
average m value of the wild-type and mutant lysozymes.

AAG(HZO) :AG(HZO)LYSOZYME_AG(HZO)IBN/27N (2)

X-ray Crystallography of Mutant Lysozymes—Mutant
lysozymes were crystallized from 50 mM sodium acetate at
pH 4.7 containing 0.9-1.2 M NaCl; the conditions are the
same as those for crystallization of native lysozyme (10).
The crystal was grown by vapor diffusion using the hanging-
drop method. Mutant lysozymes gave crystals isomorphous
with those of the wild-type lysozyme (18D/27N lysozyme).
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Fig. 1. Ribbon drawing of the backbone conformation of hen
lysozyme with the residues of interest. Aspl8 and Asn27 are
located near the N-terminal end of the B-helix (25-35) in hen
lysozyme.

The crystals belong to the tetragonal system, space group
P4,2,2. The intensity data to below 2.0 A were collected at
room temperature on a Rigaku R-AXIS II C area detector
using a Rigaku RU-300 rotating anode source operating at
40 kV and 120 mA. The intensity data were reduced using
the Rigaku PROCESS software package. Because the
mutant crystals were isomorphous to the wild-type crystal
(P452,2, cell dimensions a=5b=79.21, and ¢=37.97 A),
the coordinates of the wild-type were used as the starting
model for the refinement. The structures of mutant lyso-
zymes were refined using X-PLOR 3.1 (11). These struc-
tures were fitted to the Sim-weighted difference-electron
density maps using the program package TURBO-FRODO
5.1 (12) on SGI indigo®. The first refinements dropped the
R-values of the mutant lysozymes below 23.0%. Water
molecules were added and the next refinements were
carried out. The final refinements of these structures
including the water molecules gave R-values below 18.0%.
The coordinates have been assigned ID codes in the Protein
Data Bank as follows: wild-type, 1RFP; 18N/27N, 1IKXW;
18N/27D, 1KXX; 18D/27D, 1KXY.

Measurement of 'H-NMR—The lysozymes were dia-
lyzed against the solution at the measuring pH; then D,0O
and NaCl were added so that the protein was in solution in
90% H,0:10% DO containing 5 mM NaCl. The pH values
of the solution containing about 2 mM lysozyme were
readjusted by adding dilute DCl or NaOD; the pH meter
readings were not corrected for isotope effects (13). The
probe temperature was calibrated with an accuracy of
+0.2°C using ethylene glycol. The uncertainty in the
reported pH values arising from the temperature depen-
dence, was within +0.1 pH unit. All chemical shifts are
obtained by reference to DSS. The deviation in the
measured chemical shifts is +0.02 ppm.

'H-NMR experiments were performed on a Varain Unity
600 plus NMR spectrometer. Phase-sensitive DQF-COSY
(14) and NOESY (15) experiments at pH 3.8 and 35°C
were carried out at 600 MHz using the standard procedure
except for pH titration. Typically 96 transients were
recorded for each of 512 increments. A digital resolution of
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5.8 Hz/point in both dimensions was used for both the
COSY and NOESY spectra. The asgsignments of the signals
were made by reference to the literature (16).

RESULTS

The Stability of Lysozymes Determined by GdnHCI
Denaturation—In Table I1, the values of G5, 4G(H,0), and
A4G(H,0) of the respective lysozymes as well as the m
values are summarized. When the stability of each mutant
lysozyme at pH 5.5 was compared with that of 18N/27N
lysozyme, 18N/27D lysozyme was stabilized by 1.5 kJ/
mol, 18D/27N lysozyme was stabilized by 2.3 kJ/mol, and
18D/27D lysozyme was stabilized by 3.8 kdJ/mol.

Crystal Structures of Lysozymes—The crystallographic
data collection and refinement statistics for crystal struc-
tures of the wild-type and mutant lysozymes are summar-
ized in Table III. The refined structures of the mutant
lysozymes were in good agreement with that of the wild-
type lysozyme. Superimposing each mutant lysozyme on
the wild-type lysozyme, we calculated the root mean square
(r.m.s.) deviation in the coordinates of the main chains to
be 0.09 A for the 18N /27N lysozyme, 0.13 A for the 18N/
27D lysozyme, and 0.13 A for the 18D/27D lysozyme.

(1) 18N/27N lysozyme: The N-terminal region of the
B-helix in the 18N/27N lysozyme (thin line) is shown in
Fig. 2A. The amide groups at the N1 and N2 positions in the
B-helix in the 18N/27N lysozyme formed hydrogen bonds
with two water molecules (WAT1 and WAT2). Namely,
the amide group of Leu25 (N1) in the 18N/27N lysozyme
did not form a hydrogen bond with the side chain of Asnl8

TABLE II. Thermodynamic parameters characterizing the
GdnHCI denaturation of mutant lysozymes at pH 5.5 and 35°C.

Cos m 4G(H,0)* A44G(H,0)°
Lysozyme M) (kJ/mol/M) (kJ/mol)  (kJ/mol)
18N/27N 3.43+0.01 12.3 42.2 0
18D/27N (wild) 3.62+0.01 12.3 44.5 2.3
18N/27D 3.66+0.01 12.5 43.7 1.5
18D/27D 3.7440.01 12.2 46.0 3.8

*The value was determined by using the mean value of m (12.3).
®A44G(H,0) based on the 18N/27N lysozyme.

TABLE III. Crystallographic data collection and refinement
statistics of lysozymes.

18D/27N
18N/27N (wild) 18N/27D  18D/27D
Data collection
Cell dimensions
a,b (A) 79.10 79.21 79.19 79.16
c (A) 38.16 37.97 38.00 37.88
Resolution (A) 1.79 1.75 1.71 1.95

Uniquereflections 10,402 11,948 11,446 8,613
(F>10(F)]

Completeness (%) 86.4 93.2 83.3 93.8
R-merge (%)* 7.74 3.69 6.82 4.70
Refinement
R-factor (%)° 17.6 16.8 17.7 16.8
4 bond length (A)  0.010 0.009 0.010 0.009
4 bond angle (°) 1.509 1.448 1.493 1.472
Number of water 82 98 60 59
molecules

*R-merge = X|F,— F|/SF,, where F; are repeated measurements of
equivalent structure amplitudes and F is the average value of F,.
b R-factor = 2| Fovs — Feaic| /= Fota-

H. Motoshima et al.

because the electron density of the water’s oxygen atom
was clearly observed. The amide groups at the N3 and N4
positions did not form hydrogen bonds (Table IV).

(2) 18D/27N lysozyme (wild-type): The N-terminal

(A) WAT2

a

G28(N2}
WAT1
L28(N1)
s24
N27(N3)
ND18

8) WAT2

+

G26(N2)
WAT1

L28(N1)

824
ND27(N3)
i N8 ~

© WAT2

3

S24
m

Fig. 2. Superposition of the structure of each lysozyme (thick
line) on that of 18N/27N lysozyme (thin line). (A) is 18D/27N
lysozyme (wild-type), (B) is 18N/27D lysozyme, (C) is 18D/27D
lysozyme. The amide groups at the position of Leu25 (N1) and Gly26
(N2) form hydrogen bond with WAT1 and WATZ2, respectively.

L25(N1)

ND27(N3)
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region of the B-helix in the 18D/27N lysozyme (wild-type,
thick line) is shown in Fig. 2A. The amide groups at the N1
and N2 positions in the B-helix in the 18D/27N lysozyme
formed hydrogen bonds with the side chain of Aspl8 and a
water molecule (WAT2), respectively. Moreover, the
negative charge at Aspl8 was located at a position where
electrostatic interaction between the charge and the helix
dipole in the B-helix could occur. The amide groups at the
N3 and N4 positions did not form hydrogen bonds (Table
Iv).

(3) 18N/27D lysozyme: The N-terminal region of the
B-helix in the 18N/27D lysozyme (thick line) is shown in
Fig. 2B. The amide groups at the N1 and N2 positions in the
B-helix in the 18N/27D lysozyme formed hydrogen bonds
with two water molecules, like those in the 18N/27N
lysozyme. A structural change at the N-cap position Ser24
in the B-helix was observed in the 18N/27D lysozyme due
to the introduction of the negative charge at Asp27.
Moreover, the amide groups at N3 and N4 positions formed
hydrogen bonds with the hydroxyl group and the carbonyl
group of Ser24, respectively. The distances between the
atoms involved in Ser24 in the 18N/27D lysozyme are

TABLE IV. Distances between atoms involved in Ser24 (N-
cap) in the B-helix of lysozymes.

Distance (A)
H-acceptor  H-domor ) gpy /07 18(%2117)“‘ 18N/27D 18D/27D
Am2TNd2 Ser240y 273 2.94
Ser240y  Asp27041 283  2.65
Ser240y  Asn/Asp27N  4.04° 408  3.24  3.24
Ser240  Trp28N 3.80° 3.74° 329 329

*The distance is too long for a hydrogen bond.

D27(N3)

G26(N2)

Y23

R128 #3

Fig. 3. The crystal structure of the region near the N-terminus
of the B-helix (25-35) in 18D/27D lysozyme (thick line). The
hydrogen bonds between the Aspl8 side chain and the Argl28 side
chain of a neighboring molecule (thin line) are shown.

Vol. 121, No. 6, 1997

shown in Table IV. When we examined the hydrogen bond
formation in both 18N/27N and 18N/27D lysozymes, an
acceptor atom and a donor atom in the hydrogen bond were
found to have changed. Therefore, the residue Ser24 at the
N-cap position in the B-helix could form an end-capping
structure in the 18N/27D lysozyme. Moreover, the amide
groups at the N1, N2, N3, and N4 positions were confirmed
to form hydrogen bonds.

(4) 18D/27D lysozyme: The N-terminal region of the
B-helix in the 18D/27D lysozyme (thick line) is shown in
Fig. 2C. A structural change at Ser24 in the 18D/27D
lysozyme similar to that in the 18N/27D lysozyme was
observed. The distances between atoms involved in Ser24
in the 18D/27D lysozyme are shown in Table IV. The
hydrogen bonds involved in Ser24 in the 18D/27D lyso-
zyme were identical to those of the 18N/27D lysozyme.
Therefore, the residue Ser24 could form an end-capping
structure in the 18D/27D lysozyme, and the amide groups
at the N1, N2, N3, and N4 positions were confirmed to form
hydrogen bonds. On the other hand, the conformation of
Aspl8 in the 18D/27D lysozyme (Fig. 2C, thick line) was
different from that in the 18D/27N lysozyme (Fig. 2A,
thick line). We considered that the side chain of Aspl8
changed its position, allowing the amide group of Leu25
(N1) to form a hydrogen bond with WAT1, because of the

()
3.1

2.9
E

2.7

Chemical shift (ppm)

25

(b)

Chemical shift (ppm)

9.0

pH

Fig. 4. pH dependence of the chemical shifts of (a) the 3CH
proton of Asp18 in 18D/27D (open circles) lysozyme, and of (b)
the indole proton of Trplll in 18N/27D (closed circles) and
18D/27D (open circles) lysozymes. Asp27 in both 18N/27D and
18D/27D lysozymes forms a hydrogen bond with the indole proton of
Trplill.
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TABLE V. pK, of Aspl8 and Asp27 in lysozymes.

18N/27N 18(3{12!17)" 18N/27D  18D/27D
Aspl8 - 2.3 - 33
Asp27 - - <2.2 2.9

*The value i8 taken from Abe et al. (17).

15
0.5 |
& s
s
8
5 s
|
-2.8

23 24 25 26 27 28 29 30 31 32 33 3 35 36

Number of residues

Fig. 5. Chemical shift index of ¢CH in wild (open bar) and
18D/27D (closed bar) lysozymes at pH 3.8.

electrostatic repulsion between Aspl8 and Asp27 in the
18D/27D lysozyme. Figure 3 shows hydrogen bonds at
Aspl8 in the 18D/27D lysozyme. The hydrogen bonds are
formed between the side chain of Asp18 and that of Argl128
in a neighboring molecule. This may be the result of the side
chain at Aspl8 having taken a different orientation in the
18D/27D lysozyme from that in the wild-type lysozyme.

pK, Values of Aspl8 and Asp27 in Mutant Lyso-
zymes—To determine the pK, values of Asp18 and Asp27,
measurements of the 600 MHz 'H-NMR spectra were
conducted at 35°C and various pH values (1.5-7.5). The
resonances of the Aspl8 SCH and Trplll indole protons
were employed to follow the dissociation of Aspl8 and
Asp27 in each lysozyme, because Asp27 forms a hydrogen
bond with the N-1 proton of Trp111 and because they were
separated from other resonances. These resonances were
assigned using the respective 'H-'H COSY and 'H-'H
NOESY spectra. In Fig. 4, the measured chemical shifts are
plotted against pH. The curve-fitting analysis was carried
out for the pH dependence of the signal, and it was found
that the pK, values of Aspl8 in the 18D/27N lysozyme
(wild-type) was 2.3 (17), the pK, of Asp27 in the 18N /27D
lysozyme was below 2.2, and the pK, of Asp18 and Asp27
in the 18D/27D lysozyme were 3.3 and 2.9, respectively
(Table V). All pK, values of Aspl8 and Asp27 in the
mutant lysozymes were lower than 4.0, which is the
intrinsic value for the Asp residue. These results indicated
that favorable electrostatic interactions were present at the
positions of Asp18 and Asp27 in the wild-type and mutant
lysozymes.

Analysis of B-Helix Structure by Two-Dimensional ' H-
NMR in 18D/27D Lysozyme—In order to analyze the
secondary structure in solution around the B-helix in the
18D/27D lysozyme, which is the most stable lysozyme
employed here, the assignments of the chemical shifts
around the region in the mutant lysozyme were carried out.

H. Motoshima et al.

Number of residues 23 24 25 26 27 28 29 30 31 32 33 34 35 36

da.NﬂJ*J) ———

Fig. 6. The NOE connectivities of 23-36 amino acid residues of
wild (open bar) and 18D/27D (closed bar) lysozymes at pH 3.8.

Those of the resonances in the wild-type lysozyme were
taken from the literature (16). Figure 5 shows the chemical
shift indexes of «CH in the wild-type and 18D/27D lyso-
zymes at pH 3.8. The assignment of secondary structure
was carried out according to the literature (18). The results
indicated that Ser24 in the 18D /27D lysozyme has a 8-
conformation while that in the wild-type lysozyme does
not. This is consistent with the results of the crystal
structure determination. Figure 6 shows the NOE con-
nectivities of 23-36 amino acid residues in the wild-type
and 18D/27D lysozymes at pH 3.8. The NOE between « CH
of Leu25 (N1) and NH of Trp28 (N4) was observed in the
18D/27D lysozyme, but not in the wild-type lysozyme.

DISCUSSION

We supposed that the negative charge at Asp18 contributes
to stabilizing the wild-type lysozyme, because the pK, of
Aspl8 was lower than the intrinsic pK, of Asp from the
NMR titration experiment on wild-type lysozyme using
NMR (17). As was expected, the 18N/27N lysozyme was
less stable than the wild-type (18D/27N) lysozyme. On the
other hand, the 18D/27D and 18N/27D lysozymes were
more stable than the 18N/27N lysozyme although the side
chain of the residue at position 27 was less accessible to the
solvent. This was confirmed by the finding that the pK,s of
Asp27 in these mutant lysozymes were lower than the
intrinsic pK, of Asp (4.0). This seems strange because
carboxyl groups on the inside of a protein molecule are hard
to dissociate. For example, Glu35 in the lysozyme, which is
located in the inside of lysozyme, has a higher pK, (6.1)
than the intrinsic value (19). From X-ray analysis, the
dissociated side chain of Asp27 at the N3 position in the
B-helix in these mutant lysozymes forms a hydrogen bond
with Ser24 at the N-cap position on the B-helix. The NMR
measurement of the 18D/27D lysozyme at pH 3.8 support-
ed this X-ray result, indicating structural change around
Ser24 with the appearance of a new NOE. Therefore, the
side chain of Asp27 may be present in dissociated form
under the conditions of X-ray crystallographic analysis (pH
4.7) and the conditions of the stability measurement (pH
5.5).

Zhukovsky et al. (20) demonstrated that a hydrogen
bond between the side chain of the residue located at the
N-cap position in the a-helix and the backbone of the
residue located at the N3 position in the « -helix contributes
to stabilizing a protein. However, in the wild-type (18D/
27N) lysozyme, the interaction between the side chain at
the N-cap position Ser24 and the backbone at N3 position

J. Biochem.
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TABLE VI. Distance and angle of hydrogen bond of amino
group at the Leu23 residue (N1) in the B-helix of lysozymes.

Lysozyme H.acceptor Distance Angle*
18N/27N WAT10 2.98 165
18D/27N (wild) Aspl180¢1 3.13 137
18N/27D WAT10 3.22 168
18D/27D WAT10 3.02 175

*The angle for amino to oxygen, i.e.,, N—H---O.

Asn27 in the B-helix would not contribute to stabilizing the
lysozyme because this distance is too long to form a
hydrogen bond. On the other hand, in the 18N/27D and
18D/27D lysozymes, the distances between the side chain
at the N-cap position Ser24 and the backbone at the N3
position Asp27 in the B-helix are short enough to allow
hydrogen bond formation, due to the dissociation of aspar-
tic acid at the N3 position (Asp27). From these results, we
concluded that the favorable interactions in the N-terminus
of the B-helix contributes to the increased stability of
lysozymes with the dissociable Asp27.

The 18D/27D lysozyme was the most stable among the
wild-type and mutant lysozymes. However, we wondered if
the introduction of a new negative charge (Asp27) near the
Aspl8 may affect the dissociation of Aspl8. This interac-
tion would induce the structural change at the side chain of
Aspl8 in the 18D/27D lysozyme (Fig. 2C), allowing the
side chain to hydrogen bond with Arg128 of the neighboring
molecule (Fig. 3), and causing the pK,s of Asp18 and Asp27
in 18D/27D lysozyme to be higher than that of Asp18in the
wild-type (18D/27N) lysozyme and that of Asp27 in 18N/
27D lysozyme (Table V). However, since the angle of the
hydrogen bond of the amide group at the Leu25 residue in
the wild-type (18D/27N) lysozyme was smaller than that
in 18D/27D lysozyme, the hydrogen bond in the wild-type
(18D/27N) lysozyme may be weaker than that in 18D/27D
lysozyme (Table VI). From the structure and pK, values of
18D/27D lysozyme, although an electrostatic repulsion
between Aspl8 and Asp27 residues in 18D/27D lysozyme
was observed, the dissociation of each residue contributes
to stabilizing the B-helix in 18D/27D lysozyme through
hydrogen bonding and charge-helix macrodipole interac-
tion. This is the first evidence that both of the two neighbor-
ing negative charges at the N-terminus of the helix both
increase the stability of the protein. These results imply
that these residues in rat, mouse P or mouse M lysozyme do
contribute to the increased stability of the molecules.
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