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The interaction between a goose-type lysozyme from
ostrich egg white (OEL) and chitin oligosaccharides
[(GleNAc), (n=2, 4 and 6)] was studied by nuclear
magnetic resonance (NMR) spectroscopy. A stable
isotope-labelled OEL was produced in Pichia pastoris,
and backbone resonance assignments for the wild-type
and an inactive mutant (E73A OEL) were achieved
using modern multi-dimensional NMR techniques.
NMR titration was performed with (GlcNAc), for
mapping the interaction sites of the individual oligosac-
charides based on the shifts in the two-dimensional het-
eronuclear single quantum correlation (HSQC)
resonances. In wild-type OEL, the interaction sites
for (GIlcNAc), were basically similar to those deter-
mined by X-ray crystallography. In E73A OEL, how-
ever, the interaction sites were spread more widely over
the substrate-binding cleft than expected, due to the
multiple modes of binding. The association constant
for E73A OEL and (GlIcNAc)g¢ calculated from the
shifts in the Asp97 resonance (7.2 x 10> M~ ') was com-
parable with that obtained by isothermal titration cal-
orimetry (5.3x10° M™'). The interaction was
enthalpy-driven as judged from the thermodynamic par-
ameters (AH=—6.1kcal/mol and 745 =—1.0kcal/
mol). This study provided novel insights into the oligo-
saccharide binding mechanism and the catalytic resi-
dues of the enzymes belonging to family GH-23.

Keywords: goose-type lysozyme/ITC/NMR/
oligosaccharide/protein—carbohydrate interaction.

Abbreviations: GEWL, goose egg white lysozyme;
GLAc, goose-type lysozyme from Atlantic cod;
GIcNAc, N-acetyl-p-glucosamine; (GlcNAc),,
B-1,4-linked oligosaccharide of GlcNAc with a
polymerization degree of n; HSQC, two-dimensional
heteronuclear single quantum correlation;

ITC, isothermal titration calorimetry; NMR, nuclear
magnetic resonance; OEL, goose-type lysozyme from
ostrich egg white.

Lysozyme (E.C. 3.2.1.14) is a lytic enzyme, which
hydrolyses the p-1,4-glycosidic linkage between
N-acetylmuramic acid (MurNAc) and N-acetyl-p-glu-
cosamine (GlcNAc) of the peptideglycan chains in bac-
terial cell walls (/, 2). Among the various types of
lysozymes isolated and characterized to date, the
enzyme obtained from hen egg white has been studied
most intensively with respect to structure and function.
Hen egg white lysozyme can hydrolyse chitin
[(GIcNAc),] in addition to cell wall polysaccharide
(3) and also catalyses significantly, the transglycosyla-
tion of oligosaccharide fragments (4). Such enzymatic
activities have been found in chicken-type (c-type)
lysozymes including human lysozyme (5) and various
avian egg white lysozymes (6). For goose-type (g-type)
and phage-type lysozymes, however, chitin hydrolytic
activity is not detected or found to be very weak (7—9).
No transglycosylation activity has been found for these
types of lysozymes (10, 11). Based on the amino acid
sequences, c-type, g-type and phage-type lysozymes are
classified into family GH-22, family GH-23 and family
GH-24, respectively (/2). The catalytic cleft of these
enzymes is formed by a structurally invariant core con-
sisting of three a-helices and a three-stranded B-sheet
(13). The c-type enzymes are retainer, whereas, the
g-type and phage-type enzymes are inverter.
Structural determinants for substrate recognition and
for the transglycosylation activity are considered to lie
in the substrate-binding and catalytic cleft of these
lysozymes. Thus, a comparison between the fine struc-
ture of the substrate-binding cleft of these enzymes
would provide insights into the mechanism of sub-
strate recognition and catalysis of the enzymes belong-
ing to the lysozyme superfamily.

Crystal structures of goose egg white lysozyme
(GEWL) and its complex with (GlcNAc); have been
reported by Weaver et al. (14, 15), and the trisacchar-
ide was found to bind to subsites B, C and D (-3, —2
and —1) of the enzyme. Recently, the crystal structure
analysis of a g-type lysozyme from Atlantic cod in a
complex with both (GIcNAc), and (GlcNAc); revealed
the substrate-binding mode at subsites E, F and G
(+1, +2 and +3) in addition to that at subsites B—D
(16). On the other hand, GEWL hydrolyses predomin-
antly the mid linkage of (GIcNAc)s, producing two
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Fig. 1 Amino acid sequence alignment of goose-type lysozymes from ostrich egg white (OEL), goose egg white (GEWL) and Atlantic cod (GLAc).
The residues completely conserved are marked by asterisks. Catalytic residues are indicated by arrows. The secondary structures of the crystal
form of GEWL in a complex with (GlcNAc); are also aligned with the primary structure.

molecules of (GIcNAc); (/7), indicating that
(GIcNAc)q binds to the entire substrate-binding cleft,
-3, =2, —1, +1, 42 and +3, of GEWL upon its hy-
drolysis. Thus, it is highly desirable to examine the
binding of (GlcNAc)s to g-type lysozymes for analys-
ing the most productive mode of binding leading to
hydrolysis. Kawamura et al. (18) reported the efficient
expression of a g-type lysozyme from ostrich egg white
(OEL) using Pichia pastoris. This system would enable
a level of production of '*C- or '*N-labelled OEL suf-
ficient for nuclear magnetic resonance (NMR) meas-
urements. The amino acid sequence of OEL is 83%
homologous to that of goose egg white lysozyme, as
shown in Fig. 1 (19). The enzymatic properties of OEL
are almost identical with those of goose egg white lyso-
zyme (I8).

In the present study, we produced OEL and a catalytic
residue(Glu73)-deficient mutant with the P. pastoris
expression system, and stable isotope-labelled OELs
were employed for oligosaccharide-binding experi-
ments using NMR spectroscopy. Isothermal titration
calorimetry (ITC) was also used for determining quan-
titatively the oligosaccharide-binding to OEL.

Experimental procedures

Materials

N-acetylglucosamine oligosaccharides [(GIcNAc),, n=1-6] were
purchased from Seikagaku Kogyo Co. (Tokyo, Japan). The P. pas-
toris expression system including expression vector pPICI9K was
purchased from Invitrogen (Carlsbad, CA, USA). The P. pastoris
GSI115 (Invitrogen) was used as the host strain for expression.
"> N-ammonium chloride, '*C-D-glucose and '*C-methanol were ob-
tained from Cambridge Isotope Laboratories Inc. (Andover, MA,
USA). Other reagents were of analytical grade available
commercially.
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Production of OEL and its mutant enzymes

A recombinant OEL and inactive mutant (E73A OEL) with an extra
serine residue at the N-terminus were obtained as described previ-
ously (20). It has been reported that the additional serine residue at
the N-terminus had little effect on the secondary structure,
substrate-binding ability, lytic activity and structural stability of
OEL (20, 21). E73D and E73Q were not employed in this study,
because E73D has a small extent of the enzymatic activity and the
stability of E73Q is the lowest among the Glu73-mutated enzymes
(20). The recombinant OEL enzymes with an extra N-terminal serine
was used throughout this study.

Production of "*N-labelled OEL and "°N-/"*C-labelled OEL

A recombinant P. pastoris clone harbouring an expression plasmid
for the wild-type or its derivative was typically inoculated into 3 ml
of FM22-glycerol medium [4.29% KH,PO,, 0.1% CaSO4-2H,0,
1.17% MgSO47H,0, 1.43% K,SO4, 0.34% KOH, 1% glycerol,
6x107°% biotin, 0.1% (v/v) PTM1 salts and 0.1% "*NH4CI] and
then incubated at 30°C for 48 h. This seed culture was subcultured
into 200ml of the same medium for an additional 48 h. The cells
were harvested and then transferred to 900 ml of the same medium
containing 0.5% (v/v) methanol instead of glycerol to give an ODgqq
of 1.0 to induce production. The culture was maintained for 120 h
with methanol supplementation to a final concentration of 0.5%
every 24h. The "*N-labelled protein secreted into the culture super-
natant was purified by successive cation-exchange chromatographies
as described previously (20). The purity was confirmed by
SDS—PAGE. The N-terminal amino acid sequence was determined
with a Shimadzu model PPSQ21 sequencer. The expression and puri-
fication of '*C/'*N-labelled proteins were performed as described
above, except that FMGY medium (same as FM22-glycerol
medium but containing 5% '*C-glucose instead of 1% glycerol)
and FMMY medium [same as FMGY medium but containing
0.5% (v/v) *C-methanol instead of 5% '*C-glucose] were used for
growing P. pastoris and for induction of proteins, respectively.

Sequential assignment of the backbone signals of OEL

NMR samples contained 0.2—0.5mM protein in 20mM so-
dium acetate buffer pH 5.0 (90% H,0/10% D,0). All
NMR spectra were acquired at 298 K using a Bruker AVS500
spectrometer controlled with TopSpin 3.0 software and equipped
with a triple-resonance pulsed-field-gradient cryoprobe head.



"H chemical shifts were referenced to HDO (4.64 ppm at 30°C)
relative to 3-(trimethylsilyl) 3,3,3,3-tetradeutero-propionic acid
(TSP). >N and '3C chemical shifts were indirectly calibrated
from each gyromagnetic ratio (22). Sequential assignments were
Performed using °N/'3C-labelled OEL from two-dimensional
H-">N two-dimensional heteronuclear single quantum correlation
(HSQC) and from three-dimensional HNCACB, CBCA(CO)NH,
HNCA, HNCACO, HNCO and HNCOCA experiments; analysis
of these spectra resulted in the nearly complete assignment of the
backbone 'H, '3C and '’N resonances. All spectra were processed
using NMRPipe software (23) and were analysed using Sparky
software (24).

Titration of (GIcNAc),, (n=2, 4 and 6)

Two-dimensional "H-""N HSQC spectra were recorded for 0.25 mM
N-labelled OEL in 50mM sodium acetate pH 5.0 (90% H,O/
10%D,0), in the presence of various concentrations of (GIcNAc),,.
Chemical shift changes induced by the oligosaccharide binding (Ad)
were calculated by the equation,

AS = [(ANH? + AN?/25)/2]

where ANH and AN represent the observed shifts in the '"H-axis
and '’N-axis, respectively. Since the interaction between the
enzyme and (GIcNAc)s was a slow exchange, Ad values could
not be determined for individual titration points. Thus, the relative
intensity of the bound state to the total intensity of the free and
bound states [Zyound/(Zrree + Ibound)] Was plotted against the free oligo-
saccharide concentrations, and the association constant, K,ge, was
estimated by non-linear curve fitting based on the equation,

Ibound/([free+Ib0und):[s]free/([s]free+ 1 /desoc)

The free oligosaccharide concentrations [S]y.. Were obtained by
subtracting the bound oligosaccharide concentration [ES] from the
total oligosaccharide concentration [S]ioal-

ITC experimnents

ITC was performed with a MicroCal VP-ITC calorimeter. The in-
strument’s design and its operation have been described in detail
elsewhere (25). The OEL samples used in these experiments were
prepared by first dialysing for ~16h against 20 mM sodium acetate
buffer, pH 5.0. (GlcNAc), was dissolved in the same buffer. For a
given experiment, 7pl aliquots of 9.65-31.9mM (GlcNAc)s in
20mM sodium acetate buffer, pH 5.0, were added via a 250 pl syr-
inge to a sample cell that contained 1.4482ml of a stirred (310 rpm)
178—364 uM OEL solution equilibrated at 30°C. After each injec-
tion, the amount of heat released was measured. Prior to experimen-
tation, the instrument containing water in the sample and reference
cells was equilibrated overnight. Stable base lines were defined as
those with root mean square noise levels of less than 5ncals .
The heat of dilution caused by an injection of (GIcNAc)s was mea-
sured with the same buffer, injection and temperature, but by adding
ligand to a sample solution lacking protein. The heat of dilution was
subtracted from the heat change that occurred when protein was
present. Non-linear fitting of the data was performed using
MicroCal Origin 7.0 (Origin-Lab Corp.). The parameters that were
varied to minimize the standard deviation of the fit to the experimen-
tal data were the binding constant (K,ss.c), the enthalpy change (A H)
and the number of binding sites per protein molecule (stoichiometry;
n). The derived values for Ko, AH, and n at 30°C were then used
to calculate the changes in free energy (AG) and entropy (AS).

Results and discussion

Protein production and purification

We previously developed an efficient expression system
for the recombinant OEL with an extra N-terminal
serine residue in the methylotropic yeast P. pastoris
(18). Furthermore, using this system, we generated a
Glu73-mutated protein (E73A), in which Glu73 was
substituted with Ala and demonstrated the involve-
ment of Glu73 as a critical catalytic residue in g-type
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lysozyme (20). Since E73A OEL was virtually inactive
with little change in the Circular dichroism (CD) spec-
trum (secondary structure), we considered it most ap-
propriate for the study of the substrate-binding
mechanism of g-type lysozymes. Therefore, using the
P. pastoris system, we produced '°N-labelled and
3C/"N-labelled wild-type and E73A OELs for
NMR experiments.

The '"N-labelled and '*C/'°N-labelled proteins were
successfully expressed and secreted into the culture
medium. The purified proteins were found to give
a single band on SDS—PAGE and a single symmet-
rical peak on cation exchange chromatography
(Supplementary Fig. S1). The N-terminal sequence of
each protein was determined to be Ser-Arg-Thr-Gly-,
indicating that the protein was correctly processed at
the C-terminus of the o-factor signal. A quantity of
~35-40mg of the 'N-labelled and '*C/'°N-labelled
proteins, which is sufficient for heteronuclear NMR
measurements, were obtained from 1 I of yeast culture.
The enzymatic activity and CD spectra of the
>N-labelled and '*C/'*N-labelled proteins were iden-
tical with those of the corresponding non-labelled pro-
teins (Supplementary Figs S2 and S3).

HSQC spectra of the wild-type and E73A OEL

The HSQC spectrum of the wild-type OEL exhibited
well dispersed and intense signals as shown in Fig. 2.
Most backbone resonances were assigned sequentially
by means of a combination of three-dimensional NMR
experiments using '’N/'*C-labelled OEL. These assign-
ments are given in Fig. 2. However, the backbone res-
onances for Tyrl57—Aspl61 could not be assigned,
because of the line-broadening of the amide protons
due to the rapid exchange with the solvent. The HSQC
spectrum of E73A OEL was almost identical with that
of the wild-type OEL, and the backbone resonances
were assigned by a similar manner to that for the
wild-type. As shown in Fig. 3, most amino acids af-
fected by the mutation were found to be located near
or inside the catalytic cleft, except Ile119. The effect on
the Ilel19 resonance might be a secondary effect
derived from the conformational change in the catalytic
cleft. NMR assignment data obtained in this study have
been deposited into Biological Magnetic Resonance
Data Bank (BMRB) (code numbers, 11434 and 11436).

NMR titration with the substrate analogues

using the wild-type OEL

When (GlcNAc), was added to the wild-type OEL so-
lution in a saturated condition [OEL, 0.28 mM;
(GIcNAc),, 14.3 mM], only a minor shift was observed
in the resonance of Val96, which is located in the
(GlcNAc); binding region of GEWL as determined
by X-ray crystallography (75) (Fig. 4A). The shift in
Val96 was enhanced, and the influence extended to
neighbouring amino acids, such as Arg99, Ser100,
Asnl48, Alal49, Glyl50 and Thrl65, upon addition
of (GlcNAc), instead of (GIlcNAc), [OEL, 0.28 mM;
(GIcNAc)4, 14.3mM; Fig. 4B]. Notably, the reson-
ances for Arg99 and Thrl165 completely disappeared
upon the addition of (GlcNAc)s. The influences on
the spectrum were not further enhanced upon the
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Fig. 2 'H-">N-HSQC spectrum of the wild-type OEL. The protein was dissolved in 20 mM sodium acetate buffer pH 5.0 containing 10% D,O to
obtain 0.2mM OEL solution. The backbone resonances were assigned in a sequential manner as labelled for the individual resonances. The side
chain resonances were not assigned in this study. An enlargement of the boxed region of the spectrum is also shown in the upper-left panel.
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Fig. 3 Superimposition of the "H-">N-HSQC spectra of the wild-type and E73A OEL. The resonances affected by the E73A mutation
(A8>0.1ppm) are labelled in the spectrum. The amino acid residues, of which the resonances are affected, are mapped in the GEWL

molecule (PDB code: 154 L) in blue. The mutated Glu73 is in red.

addition of (GlcNAc)s (data not shown), due to the
enzymatic hydrolysis of (GIcNAc)s to (GIcNAc)s
(17). A small fraction of (GlcNAc), would also be
hydrolysed into (GIcNAc), by OEL (Fig. 4B).
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However, since the effect of (GlcNAc), on the spec-
trum was very small (Fig. 4A), the data for (GIcNAc),
titration would reflect mostly the conformational
changes induced by (GlcNAc), binding.
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Fig. 4 Amino acid residues affected by oligosaccharide binding to wild-type OEL (A and B) and to E73A OEL (C—E). The residues, whose amide
backbone resonances were significantly affected by oligosaccharide binding (Ad>0.05 ppm), are shown in green using the surface model of the
crystal structure of GEWL in a complex with (GIcNAc); (PDB code: 154 L). The bound (GIcNAc); in the crystal structure is represented by a
stick model. The individual residues are —3, —2 and —1 sugars from the left. Amino acid residues, whose resonances were not detected because of
the intensive broadening as a consequence of the oligosaccharide binding, are coloured indigo-blue. Concentration of wild-type OEL was
0.28 mM, and the ligands were 15 mM (GIcNAc), (A) and 15mM (GlcNAc), (B). Concentration of E73A OEL was 0.31 mM, and the ligands
were. 2.9mM (GlcNAc), (C), 1.7mM (GlcNAc), (D) and 1.7mM (GIcNAc)s (E).

NMR titration with substrate analogues

using E73A OEL

To examine the binding mode of (GIcNAc)s, we used
the inactive mutant, E73A OEL, instead of the
wild-type OEL for the titration experiments.
The shifts of the HSQC resonances resulting from
the chitin oligosaccharide binding were enhanced in
E73A OEL as compared with the wild-type, as
shown in Fig. 4C—E. Upon the titration of
(GlcNAc),, significant shifts were observed in the res-
onances for Asp97 and Glyl150 (Fig. 4C) in the satu-
rated condition [E73A OEL, 0.28mM; (GIcNAc),,
2.9mM]. Saturation of E73A OEL with (GlcNAc),
[E73A OEL, 0.33mM; (GlcNAc)s, 1.7mM] shifted
the resonances of amino acids located in the upper-left
region of the binding cleft (residues Ile119, Met123,
Alal26, Gly150, Gly152) in addition to the bottom
B-stranded region (residues 86—102) (Fig. 4D). The ex-
change rate between the free and bound states of E73A
OEL was fast with respect to the NMR time scale. The
regions affected by (GIcNAc), were greater in E73A
OEL than the wild-type (Fig. 4B). Asnl48, Alal49 and
Thr165 are affected by the binding of (GlcNAc), in the
wild-type enzyme but not in E73A OEL. On the other
hand, the upper-left region of the binding cleft, includ-
ing the residues Ile119, Metl23, Alal26, Glyl50,
Glyl52, is affected by the binding of (GIcNAc)4 to
E73A OEL, but not to the wild-type. Non-productive
binding of (GIcNAc); to the glycon binding site

(subsites —4, —3, —2 and —1) might be enhanced,
due to the lack of interaction between the —1 sugar
and Glu73. The difference in the (GlcNAc), binding
mode between wild-type OEL and E73A OEL suggests
a risk of using the catalytic residue-deficient mutant for
binding experiments. The data obtained by the mu-
tants might not always reflect the interaction of the
wild-type protein. However, the risk would be reduced
when the longer chain-length oligosaccharides, which
can occupy the entire substrate-binding cleft, such as
(GIcNAc)g, are used for the binding experiments.

On saturation with (GIcNAc)s [E73A  OEL,
0.33mM; (GIcNAc)s, 1.7mM], the chemical shift
changes of the 87th, 98th and 152nd residues were fur-
ther enhanced as compared with the (GIcNAc), titra-
tion, and the regions affected by the oligosaccharide
spread to cover the entire substrate-binding cleft
including residues located outside the cleft (Serl7,
Ile162 and Aspl172) as shown in Fig. 4E. The polypep-
tide regions containing these residues appear to be in
contact with the chains forming the binding cleft
within the hydrophobic core, as judged from the crys-
tal structure of GEWL. This situation would have re-
sulted in the conformational changes in the regions
outside the cleft, especially in E73A OEL, to which
(GlcNAc)g more tightly binds than to the wild-type.
However, more definitive discussion should be done
based on the crystal structure of OEL, which has not
been reported yet. The exchange between the free and
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Fig. 5 Titration curve of (GlcNAc)s binding to E73A OEL
determined from the change in the amide backbone resonance of
Asp97. The individual experimental points were obtained from
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equation Tyound/(Zree + Ibound)- The solid line indicates the theoretical
binding curve best fitted to the experimental points.

bound states slowed upon the addition of (GIcNAC)s.
It is likely that (GIcNAc)g binds to E73A OEL more
tightly than (GIcNAc)4 and (GIcNAc), do. We did not
observe any change in the resonances for amino acids
located at the back of the binding cleft. These effects
are clearly dependent upon the degree of polymeriza-
tion of the (GIcNAc), added. However, it should be
considered that shifts of the HSQC resonances result-
ing from the oligosaccharide binding are derived not
from a specific mode of binding but from the total
effects of several binding modes. (GlcNAc),, can inter-
act with E73A OEL through multiple modes of bind-
ing;e.g. a fraction of (GIcNAc), binds to subsites —4,
—3, =2 and —1, and the other fraction binds to sub-
sites —2, —1, +1 and +2. Thus, the conformational
changes induced by (GIcNAc), binding appear to
spread widely over the substrate-binding cleft.

For determination of the association constant for
(GIcNAc)s and E73A OEL, relative increases in the
intensity of the Asp97 resonance of the (GIcNAc)s-
bound state [lyound/(Zbound + Ifree)] Were calculated
from the individual titration spectra, and plotted
against the free oligosaccharide concentration. The
result is shown in Fig. 5. The association constant
was calculated to be 7.2x 10°M ™",

ITC experiments

ITC experiments were conducted to confirm the bind-
ing data obtained by NMR spectroscopy. The associ-
ation constant (K,soc), the enthalpy change for
binding (AH) and the stoichiometry of the complex
(n) were obtained for interaction between E73A OEL
and (GlcNAc)g by ITC (26, 27). Figure 6 shows the
results for an ITC experiment when 3.5-ul portions of
10 mM (GIcNAc)s were titrated into a 1.4482-ml solu-
tion containing 53 uM E73A OEL in 20mM sodium
acetate, pH 5.0. In Fig. 6A, the area within each trough
is a measure of the heat released upon the addition of
(GIcNAc)s. Figure 6B is a plot of the heat released,
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normalized to 1mol of the oligosaccharide, versus
the molar ratio of E73A OEL to (GIcNAc)s. The the-
oretical ‘best fit’ binding curves are also shown in
Fig. 6B. When n was free to vary during fitting, the
data were best fit with a stoichiometry of ~1.0 for
E73A OEL. The association constant was calculated
to be 5.3 x 10°M ™. The value is comparable with that
obtained by NMR titration (Fig. 5). The interaction
between E73A and (GIcNAc)s was estimated to be
enthalpy-driven from the thermodynamic parameters,
AH=—-6.1kcal/mol and TAS=—1.0kcal/mol
(AS=—-3.2cal/K-mol). The binding free energy change
(AG) was —5.1kcal/mol. Honda and Fukamizo (17)
reported the binding free energy changes of individual
subsites of goose egg white lysozyme to be —0.5, —2.2,
+4.2, —1.5, =2.6, and —2.8 kcal/mol for subsites —3,
=2, —1, +1, 42, and +3, respectively, and the total
free energy change of (GlcNAc)e binding to —3~+3
subsites to be 5.4 kcal/mol. The value is very close to
that obtained by ITC. Even though multiple modes of
binding are possible for (GIcNAc)s, a major fraction of
(GIcNAc)g is likely to bind to subsites —3, =2, —1, +1,
+2 and +3.

Comparison with the (GIcNAc),,/g-type lysozyme
binding mode determined by X-ray crystallography
As stated in the introductory section, the X-ray crystal
structure of g-type lysozymes in a complex with
(GIcNAc),, has been solved by two independent groups
(15, 16). The first report was on the goose egg white
lysozyme (GEWL) in a complex with (GIcNAc)s, in
which the three GIcNAc residues bind to subsites —3,
—2 and —1 through hydrogen bonds with Glu73,
Asp97, Ser100, His101, Tyr147 and Asnl48 (15). All
of these residues are conserved in OEL, as shown in
Fig. 1. The second report was on the g-type lysozyme
from Atlantic cod, GLAc (/6). The crystal structure
revealed the binding of (GIcNAc); to subsites +1, +2
and +3, in addition to the binding of (GlcNAc), to
subsites —3 and —2. Aspl101(Asp97), His105(His101),
Tyrl51(Tyr147) and Argl57(Asnl53) formed a
hydrogen-bond with the —2 sugar and Gly156(Gly152)
formed a hydrogen-bond with the —3 sugar (the resi-
dues in parentheses are the corresponding residues
in OEL; Fig. 1). Arg72(Arg72), Glu73(Glu73),
Asp90(Asp86), GIn99(GIn95) and Thr169(Thrl65)
formed a hydrogen-bond with the 41 sugar;
GIn23(Pro23) and Arg72(Arg72) with the +2 sugar;
and Asp24(Glu24), Arg75(His75) and Asn78(Lys78)
with the +3 sugar. Overall, the binding at subsites
—2 and —3 seems quite similar between GEWL and
GLAc. The amino acids interacting with the sugar resi-
dues determined by X-ray crystallography are sum-
marized in the left column of Table I. On the other
hand, NMR titration reveals not only sites of direct
interaction, but also sites that are undergoing the con-
formational change induced by oligosaccharide bind-
ing. When (GIcNAc), binds to the wild-type OEL, the
resonances for Arg99 and Thrl65 completely dis-
appeared, and those for Val96, Serl00, Asnl48,
Alal49 and Glyl50 significantly shifted. The NMR
result appears to be consistent with the crystal struc-
ture. The NMR signals affected by the oligosaccharide
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Fig. 6 Isothermal microcalorimetric profile of the titration of the (GlcNAc)¢ solution into E73A OEL. Aliquots (7 pl) of 9.65-31.9 mM (GlIcNAc),
in 20 mM sodium acetate buffer, pH 5.0, were added via a 250-ul syringe to a sample cell that contained 1.4482ml of a stirred (310 rpm)
178—364 uM OEL solution equilibrated at 30°C. (A) The area of each trough corresponds to the heat generated after the addition of 7 ul of
(GIcNACc)g solution to 1.4482ml of the enzyme solution. (B) Titrating curves obtained by integrating the areas of the troughs in A and
normalizing to 1 mol of injected oligosaccharide. The lines are the best fits assuming a single binding site per domain.

binding include the resonances for amino acids directly
interacting with the sugar residue, such as Ser100 (sub-
site —2), Asn148 (subsite —1) and Thr165 (subsite +1),
or neighbouring residues probably undergoing con-
formational change, such as Arg99, Alal49 and
Gly150.

NMR titration data of (GlcNAc)s to E73A OEL
provided additional information on the mode of bind-
ing to subsites +1, +2 and +3. In addition to the
amino acids affected by (GIcNAc)y, the resonances
for Ala79 and Asn87 adjacent to the interacting resi-
dues, Lys78 (subsite +3) and Asp86 (subsite +1), re-
spectively, were found to be strongly shifted by the
binding of (GIcNAc)s. These results suggest that the
binding mode obtained by NMR spectroscopy is ba-
sically similar to that obtained by X-ray crystallog-
raphy (/6). The similarity is clearly seen from
Table I, in which the amino acids affected by the
(GIcNAc), titration are listed together with the X-ray
data.

Catalytic residues. Tt is well known that, in hen egg
white lysozyme, the hydrolytic reaction of the B-1-
,4-glycosidic linkage takes place through the concerted
actions of a proton donor, Glu35, and a catalytic base,
Asp52 (28). Based on the crystal structure of the
GEWL-(GIcNAc); complex (15), Glu73 has been iden-
tified to be a proton donor, because this glutamate is
completely superimposed with Glu35 of hen egg white
lysozyme. A mutational study by Kawamura et al. (20)
provided direct evidence that Glu73 is a proton donor.
However, in GEWL, a second acidic residue (catalytic
base) was not found at the position corresponding to
that of Asp52 of hen lysozyme. Thus, Weaver et al.
proposed that the second acidic residue is not essential
for the catalytic activity of GEWL. However, this pro-
posal has been controversial for some time. From the

crystallographic analysis of GLAc in a complex with
(GlcNACc),+(GlcNAc);, Helland et al. (16) found that
the two aspartic acids Asp90 and Asp101 (correspond-
ing to Asp86 and Asp97 in OEL and GEWL) are
involved in catalysis, and that AsplOl (Asp97 in
OEL) is more crucial. In our NMR data, the signal
of Asp97 was more responsive to the oligosaccharide
binding than that of Asp86. When OEL was saturated
with (GIcNAc),, the Ad values for the Asp86 and
Asp97 signals were 0 and 0.05, respectively; the
values were 0.04 and 0.15 upon saturation with
(GIcNAc)4, and 0.06 and 0.21 upon saturation with
(GlcNAc)s. These data appear to be consistent
with the proposal made by Helland et al. (16); i.e.
Asp97 is much more possible to interact with the
sugar residue than Asp86. Hirakawa et al. (29) con-
structed the modelled structure of GEWL in a complex
with (GIcNAc)g, and found a water molecule, which
has the potential to enter into the space between the
Asp97 carboxyl oxygen and the C1 carbon of the —1
sugar. Thus, they proposed that Asp97 would act as a
second carboxylate in the lysozyme catalysis. Our
NMR data are also consistent with the findings from
the modelling study.

In conclusion, we analysed the mode of binding of
(GIcNAc), to a g-type lysozyme in solution by NMR
spectroscopy. The binding mode of wild-type OEL was
basically similar to that determined by X-ray crystal-
lography of GEWL. In E73A OEL, however, we found
that the interaction sites for (GIcNAc), were more
widely spread over the substrate-binding cleft than ex-
pected, due to multiple modes of binding. The associ-
ation constant obtained by NMR spectroscopy was
found to be consistent with that obtained by ITC.
The site for (GIcNAc)4 binding to E73A OEL appears
to be different from that to the wild-type, because of
the lack of interaction of Glu73 with the —1 sugar.
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Table 1. Comparison between amino acid residues forming the
substrate-binding cleft (X-ray crystallography) and those affected by
(GlcNAc), titration (NMR spectroscopy).

Method

NMR titration with

Subsite X-ray crystallography (GleNAc)g using OEL
-4 Alal26
-3 His101? -
Tyr104(Ser100)® Ser100
Lys102
Ile119*
Met123
Phel31
Gly156(152)° Glyl52
-2 Val96
Asp97?, Aspl01(97)° Asp97
Argd8
Arg99
Ser100%, Tyr104(Ser100)® Ser100
His101%, His105(101)°
Phel27° Phel27
Tyr147%, Tyr151(147)°
Alal49
Gly154(150)° Gly150
Argl57(153)°
—1 Glu73* Glu73
Arg98
Asn148* Asnl48
+1 Arg72° Arg72
Glu73®
Val79® Ala79
1e80°
Trp84
Gly89(85)° Gly85
Asp90(86)° Asp86
Asng7
Gly88
Asng&9
Gly90
GIn99(95)° Gln9s
- Ile162
Thr169(165)° Thrl65
Aspl72
+2 Glu23(Pro23)® Serl7
+3 Serl7
Asp24°
Arg72
Arg75° His75
Asn78° Lys78
Ala79
“GEWL [Weaver et al. (15)], molecular model GEWL-(GIcNAc)s

(29).

®Atlantic cod lysozyme [Helland et al. (16)].
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Supplementary Data are available at JB online.
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