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In the catalysis of sugar hydrolysis by hen egg-white lysozyme, Asp52 is thought to
stabilize the reaction intermediate. This residue is involved in the well-ordered
hydrogen bonding network including Asn46, Asp48, Ser50 and Asn59 on the anti-
parallel p-sheet, designated as a ‘platform’, on which the substrate sugar sits.
To reveal the role of this hydrogen bonding network in the hydrolysis, we character-
ized Asn59 mutants by biochemical and crystallographic studies. Surprisingly, the
introduction of only a methylene group by the Asn59GIn mutation markedly reduced
the bacteriolytic activity and abolished the hydrolytic activity towards the synthetic
substrate, PNP-(GIcNAc)s. A similar result was also obtained with the Asn59Asp
mutant. The crystal structure of the Asn59Asp mutant in complex with the substrate
analogue revealed that, as in the wild-type, the (GlcNAc); was bound in the A-B-C
subsites. The reduced activity would be caused by subtle changes in the side-chain
orientations as well as the electrostatic characteristics of Asp59, resulting in the
rearrangement of the hydrogen bonding network of the platform. These results
suggest that the precise locations of these ‘platform’ residues, maintained by the
well-ordered hydrogen bonding network, are crucial for efficient hydrolysis.

Key words: catalytic activity, lysozyme, protein-carbohydrate interactions, protein
engineering, X-ray crystallography.

Abbreviations: PNP, p-nitrophenyl; GlcNAc, N-acetyl-B-p-glucosaminine (PNP-G1cNAc); MurNAc,
N-acetylmuramic acid; SDS, sodium dodecyl sulfate; HPLC, high pressure liquid chromatography; NMR,

nuclear magnetic resonance.

Hen egg-white lysozyme catalyses the hydrolysis of -1,4
glycosidic bonds of alternating copolymers of GlcNAc and
MurNAc! in bacterial cell walls as well as the homopoly-
mer of GlcNAc, chitin (71-3). Hen egg-white lysozyme has
been extensively studied by functional and structural
analyses (4), and has six binding subsites for the sugar
residues, termed A-F (5, 6). Catalytic models of sugar
hydrolysis by hen egg-white lysozyme were proposed
independently by Phillips (7) and Koshland (8). The
first step is well-understood, and involves Glu35, which
possesses an unusual pKa, protonating the oxygen con-
necting the sugar residues D and E. On the other hand,
in the next step, the role of Asp52, which was proposed to
stabilize the oxocarbonium ion of the intermediate state
in the hydrolysis, still remains unclear. Kuroki et al. (9)
reported the crystal structure of the mutant Asp52Glu
complexed with (GlcNAc)s, which clearly revealed the
covalent bond between the Og atom of Glu52 and
the C1 atom of sugar D of the resultant hydrolysis
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product (GlcNAc),. However, it seems unlikely that the
wild-type forms the covalent bond during -catalysis,
because Asp52 is still too far from the C1 of sugar D.
Moreover, Vocaldo et al. (10) detected the covalent inter-
mediate of the Glu35GIn mutant lysozyme with
(GleNAc)oGIcF through Asp52. On the basis of a compar-
ison with other [B-glycosidases, they proposed that the
anomer-retaining B-glycosidases adopt the general cata-
lytic mechanism, including the formation of the covalent
intermediate.

Although Asp52 has a normal pKa, it participates in
the well-ordered hydrogen bonding network called the
‘platform’ (5), which includes Asn46, Asp48, Ser50 and
Asnb9. As expected, several previous studies showed
that the replacement of Asp52 reduced the hydrolytic
activity to <5% of the wild-type. However, except for the
studies of the Asn46 mutant, which also showed a reduc-
tion of the hydrolytic activity (11), only limited informa-
tion is available about the role of this hydrogen bonding
network in the hydrolysis. To clarify the functional
and structural relevance of the platform hydrogen bond-
ing network on the activity, we focused on the residue
Asnb9, which directly interacts with the catalytic residue
Aspb52, and analysed the mutants Asn59Asp and
Asn59GIn by biochemical and crystallographic methods.

© The Authors 2009. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved.
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EXPERIMENTAL PROCEDURES

Preparation of the Mutant Lysozymes and Analyses
of their Enzymatic Activity—The Asn59 mutant hen
lysozyme c¢DNAs used in this study were prepared by
site-directed mutagenesis, as described previously
(12, 13). The mutations were confirmed by DNA sequen-
cing analyses. The Asn59 mutants were expressed in
Saccharomyces cerevisiae AH22, and were purified
by two steps of cation-exchange chromatography
(S-Sepharose and MonoS columns), using a method sim-
ilar to that described previously for the wild-type and
mutant lysozymes (12, 13). The size and homogeneity
of the purified mutant proteins were analysed by
SDS-PAGE.

The bacteriolytic activity of the wild-type and mutants
was measured by the standard method described in our
previous reports (12, 13). Lysozyme was added to a 1-ml
suspension of M. lysodeikticus cells in 50mM sodium
phosphate buffer (pH 6.2) at 25°C. The decrease in the
absorbance at 540nm after 1min was measured and
compared between the wild-type and mutant lysozymes.
Similarly, the hydrolytic activity towards the synthetic
substrate (GlcNAc)s-PNP of the wild-type and mutants
was determined by the method described previously
(12, 13). (GleNAc)s-PNP (0.26mM) was incubated
with 1mg of each lysozyme at 37°C, in 50ml of
50 mM sodium acetate buffer, pH 5.0. The reaction prod-
ucts were analysed by HPLC, using a YMC-Pac A014
column.

Crystallization, X-ray Data Collection and Structural
Determination—The crystallization of the Asn59Asp lyso-
zyme mutants with and without a substrate analogue,
(GleNAc)3, was achieved with a protocol similar to that
described previously (14). The crystals were obtained
with 10-15% NaCl (w/v) in sodium-acetate buffer
(pH 4.7) at 20°C. The crystallographic data statistics
are summarized in Table 1, and show that the unit cell
parameters are almost identical to those of the wild-
type enzyme (14). Diffraction data were collected at 4°C
by an automated oscillation camera system (DIP320)
equipped with a cylindrical Imaging Plate on a rotating
anode generator (M18X) operated at 50kV, 90mA,
with CuKo radiation. The crystals were oscillated by
2° for each frame around an appropriate diagonal axis
in the (h, k, 0) plane. For each crystal, diffraction
data sets were collected in 50 frames, with negligible
radiation damage during the experiment. The exposure
time per frame was 50min. The diffraction intensities
were evaluated with the WELMS program system (15),
and were processed using the PROTEIN program
package (16).

We used the coordinates of the wild-type hen egg-
white lysozyme (14) as an initial model for the structure
determination. The atomic parameters were refined
using the CNS (17) and Refmach (I8) programs. The
mutated residue and the bound substrate saccharide
were carefully fitted to the electron densities, using
COOT (19). Coordinates and structure factors of
the both ligand free and complex structures have been
deposited in the Protein Data Bank (PDB ID 3A3R
and 3A3Q).
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Table 1. Data collection and refinement statistics.

Asnb59Asp Asn59Asp
mutant mutant—(GleNAc)s
complex
Data collection
Space group P432,2 P452,2
Cell dimensions
a, b, ¢c () 79.2, 79.2, 38.6 78.7, 78.7, 38.6
Resolution (~) 50-1.90 (1.95-1.90) 50-2.00 (2.05-2.0)
Roym or Rierge 0.084 0.098
Redundancy 4.6 3.9
Completeness® (%) 83.1 (49.1) 76.6 (55.9)
Refinement
Resolution (~r) 20-1.90 50-2.00
No. of reflections 8438 6611
RuorRree” 0.202/0.249 0.205/0.287
No. of atoms
Protein 1,001 1,001
Ligand/ion 0 43
Water 107 96
B-factors
Protein 15.3 9.22
Ligand/ion 22.1
Water 26.8 26.1
RMSDs
Bond lengths (~) 0.009 0.011
Bond angles (/) 1.145 1.339

aValues in parentheses are for the highest resolution shells. °Rpee
factors were calculated for 10% randomly selected test sets that
were not used in the refinement.

RESULTS

Preparation of Asn59 Mutants and their Hydrolytic
Activity—The Asnb59GIn and Asnb59Asp mutants were
constructed and expressed as described in the
EXPERIMENTAL PROCEDURES section. The yields
for these mutants were roughly 100-200pugl culture.
For further biochemical studies and crystallization, puri-
fication by Mono S chromatography was performed at
the final stage. Figure 1A shows representative results
of the hydrolytic activities of both Asn59Asp and
Asn59GIn mutants towards the M. lysodeikticus bacterial
cell walls. The presence of only one additional methylene
group on residue 59 (Asn59GIn) significantly reduced
the bacteriolytic activity, and the Asn59Asp mutation
further increased the detrimental effects. Moreover,
the hydrolytic activity towards the synthetic substrate
(GlcNAc)s-PNP was remarkably decreased for the
Asn59GIn mutant, and was hardly detectable for the
Asn59Asp mutant (Fig. 1B). Therefore, residue 59 plays
a key role in the efficient hydrolysis of the natural
product, bacterial cell walls, as well as the synthetic
GleNAc oligomer.

Crystal  Structures of the Asnb9Asp  Mutant
Lysozymes—To identify the structural basis of the
reduced hydrolytic activities of these Asn59 mutants,
we performed X-ray crystallographic analyses of the
Asnb59Asp mutant lysozyme with and without the
substrate analogue, (GlcNAc)s. Unfortunately, the crys-
tals of the Asn59GIn mutant could not be obtained.
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Fig. 1. (A) Bacteriolytic activities of the wild-type and
Asn59 mutant lysozymes. The lines indicate the enzymes as
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(Aspb9). (B) Hydrolytic activities of the wild-type and Asn59
mutant lysozymes towards PNP-(GleNAc)s. (1) Triangles (wild-

follows: (1) solid (wild-type), (2) dashed (GIn59) and (3) dotted type), (2) circles (GIn59) and (3) squares (Asp59).

The crystal data and the final refinement parameters
and statistics are summarized in Table 1. The crystals
of the Asn59Asp mutant protein and its complexes were
isomorphous with those of the wild-type enzyme. The
resolution limits of the diffraction for the free and
complex forms were 1.9A and 2.0A, respectively. The
final (2Fo—Fc) map for the sugar substrate analogue,
(GlcNAc)3, is shown in Fig. 2A. Each of the refined
models possesses about 100 water molecules.

The overall structures of the mutant protein in both
the free and complex forms were almost identical to that
of the wild-type protein determined previously by our
group (Fig. 2B). The RMSDs of the main-chain atoms
(N, Ca, C and O) in comparison with wild-type lysozyme
were 0.20A for both the Asn59Asp mutant and its
(GleNAc)3 complex.

Binding Modes of GlcNAc Residues—The final model
of the Asn59Asp—(GlcNAc); complex is similar to the
wild-type—(GlcNAc); model. The bound (GlcNAc); mole-
cule fits well into the strong electron densities (Fig. 2A),
showing that (GIcNAc); is bound in the binding subsites,
A-B-C, as observed in the wild-type. This is in contrast
with our previous studies, which revealed the shift of the
binding modes from A-B-C to B-C-D, in both Trp62Tyr
and Trp62Phe mutants (14), and the unusual binding
mode, L1-L2, in Trp62Gly and Aspl01Gy mutants (20).
Trp62 forms a stacking interaction with the hydro-
phobic face of the sugar in site B, which is a general
feature often observed in protein—carbohydrate interac-
tions, while Asp101 interacts with the same sugar via a
hydrogen bond. Thus, these conversions of subsite B
have remarkable effects on the binding modes of the
substrate sugars. The enzyme-substrate interactions
between the wild-type enzyme—(GlecNAc), complex and
the Asp59 mutant—(GlcNAc); complex are compared
in Fig. 3A. These results showed that most of the possi-
ble hydrogen bonds between the protein and the

Vol. 146, No. 5, 2009

Fig. 2. Overall structure of the Asn59Asp mutant-
(GlcNAc); complex. (A) Stereo view of the 2Fo-Fc electron
density map, contoured at 1o, showing the (GlcNAc); in subsites
A-C. Protein residues are coloured yellow and (GleNAc)s is
magenta. (B) The ribbon model presentation of the Asn59Asp
mutant—(GlcNAc); complex structure. The (GlcNAc); molecule
(blue) and the ‘platform’ residues (yellow) are shown in ball-
and-stick models. The hydrogen bonding network on the
‘platform’ residues is indicated by blue dotted lines.

carbohydrate are commonly used in each complex
(Fig. 4). These include the hydrogen bonds between
(i) the main-chain nitrogen atom of Asp59 and the
O7 atom of the N-acetyl group of the sugar residue in
site C, (ii) the nitrogen atom of the indole ring of
Trp63 and the O3 atom of the sugar residue in site C,
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AsnS59Asp mutant {GIcNAc}3oomplex and free forms

Fig. 3. Interactions between lysozyme and the bound
GlcNAc oligomer around the active site. (A) Protein (surface
models, with the colour showing the electrostatic charge distri-
bution) and bound (GlcNAc), of (1) wild-type—(GlecNAc); complex,
(i) wild-type—(GlcNAc), complex, (iii)) Trp62Tyr mutant—
(GleNAc)3 complex and (iv) Asn59Asp mutant—(GlcNAc); com-
plex. In the wild-type, the (GlcNAc); and (GlcNAc); molecules
are bound in subsites A-B-C and A-B-C-D, respectively. The
Asn59Asp mutant bound the (GlcNAc); molecule in subsites
A-C, but the Trp62Tyr mutant bound the (GlcNAc); molecule
in two modes, A—-C and B-D, resulting in the electron density
covering subsites A-D. (B) Stereo views of the detailed

(ii1) the nitrogen atom of the indole ring of Trp63 and the
06 atom of the sugar in site C, (iv) the main-chain
oxygen atom of Alal07 and the nitrogen atom of the
N-acetyl group of the reducing-end sugar residue in
site C and (v) the 0381 atom of Aspl01 and the O6
atom of the sugar residue in site B. These findings
indicated that the replacement of Asn59 with Asp only
minimally affects the affinity and the binding modes of
the sugar substrates, even with the loss of two hydrogen
bonds via water molecules (Fig. 3C). Instead, Asn59
is probably quite important for the catalytic activity.
In the wild-type complex, Asn59 maintained the location
of the side chain of the catalytic residue Asp52 in the
well-ordered ‘platform’ hydrogen bonding network. The
Asp59 mutant complex structure revealed the rearrange-
ment of the platform hydrogen bonding network, with
the concomitant loss of not only two water molecules
but also eight hydrogen bonds (Fig. 3C), resulting in

interactions around residue 59. Top: wild-type (pink); (GleNAc)s
(light blue) complex structure and Asn59Asp mutant (green);
(GleNAc); (yellow) complex structure. Bottom: Asn59Asp
mutant (green); (GlcNAc); (yellow) complex and free form (pink)
structures. (C) The hydrogen bonding networks through the
‘platform’ residues in the wild-type—(GlcNAc)s complex structure
(top) and the Asn59Asp mutant—(GlcNAc); complex (bottom)
structure. Water molecules shared in both structures are
depicted by black spheres, whereas those only observed in the
wild-type—(GleNAc); complex are red. Common hydrogen bonds
are depicted as dashed black lines, whereas the distinctive ones
in each of the structures are depicted as red dashed lines.

the slight movement of the Asp52 side chain (Fig. 3B).
This could induce the improper structural orientation,
and thus impair the catalysis.

DISCUSSION

Asp52 is one of the catalytic residues involved in the
hydrolytic activity of the GlcNAc oligomer and bacterio-
glycan. It is considered to function by either stabilizing
the oxocarbonium ion of the reaction intermediate or
forming a covalent intermediate. Asn59 directly interacts
with Asp52 in the well-ordered hydrogen bonding net-
work on the ‘platform’ B-sheet, including Asp52 and
Asnb9 (Figs 2 and 3). However, there have been no struc-
tural or functional studies on the role of Asn59 in the
hydrolytic activity. Here, we report the biochemical and
crystallographic studies of the Asn59 mutant lysozymes.
Unexpectedly, the introduction of only one methyl group
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chains

(GleNAc); or (GlcNAc); molecule in the wild-type- participating in distinctive interactions in each structure are

(GleNAc);, wild-type-(GlcNAc¢)y, Trp62Tyr mutant- underlined.
(GlcNAc); and Asn59Asp mutant-(GleNAc); complex
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to residue 59 (Asn59GIn mutation) significantly reduced
the hydrolysis (<2% activity for the synthetic substrate
PNP-(GlcNAc)s of the wild-type). Furthermore, the neg-
ative charge of Asp59 also exerted a detrimental effect on
the hydrolytic activity for PNP-(GIcNAc)s. The present
crystal structure of Asn59Asp revealed that the orienta-
tions of the Asp52 and Asp59 side chains are changed
significantly by the mutation, possibly because of the
electrostatic differences in the residues, and thus Asp52
and Aspb9 (~3.6A) are too far apart to form a hydrogen
bond (Fig. 3B). The significant change in the hydrogen
bonding network system can also be evaluated by the
fact that the Asp59 mutant—(GlcNAc)3 complex structure
loses two water molecules that exist in the wild-type
enzyme—(GlcNAc); complex structure (red spheres in
Fig. 3C). These water molecules probably play significant
roles in the stabilization of the hydrogen bonding net-
work, by interacting with the side chains of Asp48,
Asn46, Asp52 and Asn59 as well as the substrate sugar
moieties (Figs 3C and 4). The water molecules may be
eliminated by the flipping of the Asn46 side chain
(Fig. 3C), caused by the mutation of the neighbouring
Asnb9. These results suggest that Asn59 contributes to
the proper location of the side-chain of Asp52 for the
enzymatic activity, by mediating the well-ordered hydro-
gen bonding network, including the water molecules.

On the other hand, the Asn59Gln mutation is also
likely to induce remarkable changes of the hydrogen
bonding network, but the addition of one methylene
group by the Asn59GIn mutation presumably evokes
distinct changes from those generated by the negative
charge of the Asn59Asp mutation. Interestingly, we
could not obtain the crystals of the Asn59GIn mutant,
perhaps suggesting that the changes in the hydrogen
bonding network induced by the Asn59GIn mutation
may not be beneficial for the crystallization, in contrast
to those generated by the Asn59Asp mutation.

We previously reported a series of biochemical, crystal-
lographic and NMR studies of lysozymes in which the
subsite B forming residues were mutated, viz., Trp62
and Aspl101 (14, 20, 21), which are close to Asn59. The
Trp62Tyr and Trp62Phe lysozyme mutants loosely bound
the (GlecNAc)s; molecule in both subsites A-B-C and
B-C-D in the crystals, while the wild-type bound it
in subsites A-B-C. Furthermore, the Trp62His/Gly
and Aspl01Gly mutant complexes revealed that
the (GlcNAc); molecule was hydrolyzsd via C-D-E or
D-E-F. Its product, B-(GlcNAc),, was converted to
a-(GlcNAc); and accepted in an unproductive binding
mode, L1-L2 (near site D), in the crystals. Therefore,
the loss of the aromatic ring at position 62 disrupts
both the stacking interactions and some hydrogen
bonds with the substrate sugar, allowing the loose bind-
ing mode. In contrast, the present structural study of the
Asnb59Asp mutant complex showed that the Asn59
mutant, like the wild-type, exhibited the A—-B—C binding
mode for the (GleNAc); molecule. However, the mutants
displayed minimal hydrolytic activity, clearly indicating
that the Asn59 residue plays a pivotal role in the cata-
lytic activity, rather than the substrate binding.
As described above, the subtle conformational changes
in both the side-chain and main-chain conformations
of Asn59 caused the significant reduction in the

T. Ose et al.

hydrolytic activity. Previous mutagenesis studies of
Asp52 demonstrated that the Asp52Glu and Asp52Ser
mutations significantly reduced the hydrolytic activity,
which also suggested that the precise location of Asp52
is necessary for efficient catalysis. Since this specific reg-
ulation of the hydrogen bonding network is important for
the hydrolytic function, it would be interesting to assess
the enzymatic activity of the Asn59Asp/Asp52Asn double
mutant.

Taken together, Asn59 keeps the side chain of the
catalytic residue Asp52 in the proper location, thus main-
taining the extensive hydrogen bonding network on the
‘platform’.
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