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ABSTRACT: Among the three kinds of the 2′,3′-epoxypropylâ-glycoside of disaccharides (GlcNAc-â1,4-
GlcNAc, Gal-â1,4-GlcNAc, and Man-â1,4-GlcNAc), the derivative ofN-acetyllactosamine (Gal-â1,4-
GlcNAc-Epo) caused the dual labeling of human lysozyme (HL) most efficiently. The labeled HL was
crystallized and analyzed by X-ray diffraction methodology. The X-ray analysis located the two Gal-
â1,4-GlcNAc-Epo moieties inside the catalytic cleft of HL. The attachment sites were the side-chain
carboxylate groups of the catalytic residues Glu35 and Asp53 in HL. The first Gal-â1,4-GlcNAc-Epo
moiety occupied virtually the same position as observed in the HL labeled with single Gal-â1,4-GlcNAc-
Epo molecule. The second Gal-â1,4-GlcNAc-Epo moiety was recognized via the carbohydrate-
carbohydrate interaction with the first Gal-â1,4-GlcNAc-Epo moiety in addition to the protein-carbohydrate
interaction with the “right-side” catalytic cleft of HL through a number of hydrogen bonds including
water-mediated ones as well as many van der Waals contacts. The twoN-acetylglucosamine residues
stacked with each other, while the two rings of galactose residues approximately shared the same plane.
The dual labeling with two Gal-â1,4-GlcNAc-Epo molecules was supposed to have occurred sequentially,
which was accompanied with the alteration to the pKa of Glu35 derived from the esterification of Asp53
in the first labeling. Both asymmetric carbons in the connection parts between HL andN-acetyllactosamine
moieties showed the same stereoconfiguration derived from the reaction with (2′R) stereoisomer concerning
the epoxide group in the labeling reagent. The results demonstrated that the HL labeled with single Gal-
â1,4-GlcNAc-Epo was functional as a novelN-acetyllactosamine-binding protein, and the second labeling
was performed by way of the first-ligand assisted recognition of the second ligand.

A variety of important biological processes depend on the
fidelity of the recognition of carbohydrate by proteins (1,
2). Vertebrate or chicken-type (c-type) lysozyme (1,4-â-N-
acetylmuramidase, EC 3.2.1.17) is a bacteriolytic enzyme
existing in widespread biological body fluids. Since the
determination of tertiary structure of hen egg-white lysozyme
(HEWL) (3) and its complex withN-acetylglucosamine
derivatives (4) as the first enzyme molecule, c-type lysozymes
have been playing a crucial role as model carbohydrate-
binding proteins in the studies on interrelationships between
the three-dimensional structure and the enzymatic function
(5-7). Human lysozyme (HL) is one of the most well-
characterized c-type lysozymes in terms of both structural
and functional aspects. The tertiary structure of HL cocrys-
tallized with hexa-N-acetylchitohexaose (8) as well as the

structure of HL without a ligand (9) have been solved by
X-ray diffraction methodology. The structural and functional
analyses of its site-directed mutants concerning the residues
essential for substrate binding have been performed (10, 11).

Approaches using affinity labeling greatly contribute not
only to the understanding of catalytic and substrate-binding
mechanisms but also to the engineering of glycosidases with
altered characteristics (12). For such purposes, several types
of labeling reagents have been developed by the chemical
modification of sugars with the specific affinity to each
enzyme. Epoxyalkyl glycosides are the potential irreversible,
mechanism-based inhibitors, which have been used for the
investigations of the active-site residues of many glycosidases
(12, 13). Despite the frequent use of epoxyalkyl glycosides
as irreversible inhibitors, only a few kinds ofâ-glycosidases
in complex with an epoxide-saccharide inhibitor have been
structurally characterized to date (14, 15). The labeling
reagent has been proved to be covalently attached to a
carboxylate-group side chain of the targeted enzyme in all
instances. The attachment site of the affinity-labeling reagent
was first identified as to the HEWL labeled with 2′,3′-
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epoxypropylâ-glycoside ofN-acetylglucosamine by means
of amino acid sequence analysis (16) and X-ray crystal-
lography (17). The employment of X-ray structural analysis
has been extended to the discrimination betweenR and S
stereoisomers at the chiral center of the attachment site by
assigning the partial occupancy for each isomer (18), and
also to the fine characterization of substrate-binding cleft
using the labeling reagents with three different alkyl-chain
lengths (19). The reaction mechanism for the covalent
attachment of the epoxyalkyl inhibitor at the active site has
been under discussion. The kinetic analysis of the inactivation
of Bacillus subtilis1,3;1,4-â-D-glucan-4-glucanohydroase by
3,4-epoxybutylâ-D-cellobioside suggested that the reaction
started with the donation of a proton from an acidic residue
to the epoxide oxygen atom, and then the attack by another
nucleophilic carboxylate-anion bearing residue followed (20).
In contrast, the putative carboxylic acid-base catalyst reacted
with the epoxide compound in the inactivation ofTricho-
derma reeseiendo-1,4-xylanase II by 3,4-epoxybutylâ-D-
xyloside (19).

Recently, we applied the affinity labeling to probe the
origin of carbohydrate recognition specificity of human
lysozyme using 2′,3′-epoxypropylâ-glycosides of three kinds
of disaccharides, GlcNAc-â1,4-GlcNAc,1 Gal-â1,4-GlcNAc
and Man-â1,4-GlcNAc. The structural analyses of the
products indicated that all disaccharides in the labeled HLs
occupied essentially the same position designated as subsites
B and C (21, 22). The lysozyme-saccharide complex has
been extensively studied by X-ray crystallography (6).
However, no example showing multiple ligands interacting
with each other in the binding site has been reported. In the
present study, we isolated and crystallized the HL labeled
with two Gal-â1,4-GlcNAc-Epo. X-ray analysis revealed the
presence of both Gal-â1,4-GlcNAc-Epo moieties inside the
catalytic cleft, which demonstrated the recognition of the
second ligand via the carbohydrate-carbohydrate interaction
in addition to the protein-carbohydrate interaction.

MATERIALS AND METHODS

Reaction of Lysozyme with the Affinity-Labeling Reagents.
All materials and the reaction condition used for the labeling
in analytical-scale experiments were as described in the
previous papers (21, 22). An aliquot of the reaction mixture
was analyzed by a cation-exchange chromatography (Mono
S 5/5, Pharmacia) with a linear gradient of 0 to 0.5 M NaCl
in 25 mM sodium phosphate buffer (pH 7.0). For the large-
scale preparation of the HL doubly labeled with Gal-â1,4-
GlcNAc-Epo, 0.9 mM HL (total 25 mg) was incubated with
75 mM Gal-â1,4-GlcNAc-Epo at 30°C, for 72 h. After the
reaction, the reaction mixture was immediately diluted with
50 vol of ice-cold 25 mM sodium phosphate buffer (pH 7.0)
and separated with the same gradient condition as performed
in the analytical-scale experiments using a preparative cation-
exchange HPLC column (Mono S 10/10, Pharmacia). The

peak fraction eluted at 0.35 M NaCl (peak 2 in Figure 1)
was collected. The pooled fraction was dialyzed against 0.13
mM sodium acetate buffer (pH 4.5) at 4°C and then
lyophilized. For the purpose of measuring molecular weight,
a portion of the peak fraction (peaks 1 and 2 in Figure 1)
was desalted with a reversed-phase column chromatography
conducted on proRPC 5/2 (Pharmacia) and subjected to a
MALDI-TOF/MS analysis (Voyager, PerSeptive Biosys-
tems). R-Cyano-4-hydroxycinnamic acid was used as the
matrix.

Crystallization and Structure Determination.The lyophi-
lized HL labeled with two Gal-â1,4-GlcNAc-Epo was
dissolved in 3 M ammonium nitrate (pH 4.5, in 25 mM
sodium acetate buffer) at a protein concentration of 20 mg/
mL. The sample solution was divided into 50µL portions
and equilibrated with 5 M ammonium nitrate solution. First
seeding with a native HL crystal gave small crystals of
doubly labeled HL, which were used for the repeated seeding
to give prisms with the dimensions of 0.1× 0.1 × 0.3 mm
at the most. The space group of the crystal wasP212121 with
Z ) 4 (Vm ) 1.86) and cell constants ofa ) 56.45 Å,b )
62.30 Å,c ) 32.98 Å. The crystal of the HL labeled with
two Gal-â1,4-GlcNAc-Epo was isomorphous with the crystal
of native HL (23). However, in contrast to the HL labeled
with single Gal-â1,4-GlcNAc-Epo (21), the crystal cell had
a slightly smallera-axis length and a slightly largerb-axis
length compared with native HL. The diffraction data was
collected on an automated oscillation-camera system, R-
AXIS IIc (Rigaku), equipped with an imaging-plate detector
and a Rotaflex FR rotating-anode generator (40 kV, 40 mA).
The data were processed with the R-AXIS IIc data-processing
software package (24). A total of 23 021 reflections were
collected and reduced to a data set of 5742 independent
reflections (96.8% of the independent reflections to 2.25 Å
resolution) with a mergingR-factor of 0.111 on intensities.

A set of coordinates of the HL labeled with single Gal-
â1,4-GlcNAc-Epo (Protein Data Bank, entry code 1REY)
with solvent molecules omitted was used as an initial model
for the structural determination. Crystallographic refinement
was carried out using X-PLOR (25) alternating with manual
intervention using TURBO-FRODO (26). The first cycle of
standard slow-cooling protocol (27) with a starting temper-
ature of 3000 K reduced the initialR-value of 0.498 to 0.233

1 Abbreviations: Gal-â1,4-GlcNAc-Epo, 2′, 3′-epoxypropylO-â-
D-galactopyranosyl-(1f4)-â-N-acetyl-D-glucosamine; GlcNAc-â1,4-
GlcNAc-Epo, 2′, 3′-epoxypropylO-â-N-acetyl-D-glucosaminyl-(1f4)-
â-N-acetyl-D-glucosamine; Man-â1,4-GlcNAc-Epo, 2′, 3′-epoxypropyl
O-â-D-mannopyranosyl-(1f4)-â-N-acetyl-D-glucosamine; MALDI-
TOF/MS, matrix-assisted laser desorption ionization- time-of-flight
mass spectrometry; HPLC, high-performance liquid chromatography.

FIGURE 1: Cation-exchange HPLC elution profile of the reaction
mixture of HL with Gal-â1,4-GlcNAc-Epo. The linear gradient
consisted of 0-50% NaCl in 25 mM sodium phosphate buffer (pH
7.0) for 30 min at a flow rate of 4.0 mL/min. The reaction condition
was described in the text.
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against the 8.0 Å to 2.5 Å resolution data. At this stage, the
first Gal-â1,4-GlcNAc-Epo moiety attached to Asp53 of HL
was unambiguously identified as the well-defined electron
density in the (2Fo - Fc) difference map, and the (Fo - Fc)
map showed the presence of almost half of the second Gal-
â1,4-GlcNAc-Epo moiety with the best-defined electron-
density at the connection region to Glu35 of HL. The
resolution was gradually increased to 2.3 Å, and the structural
components of the second Gal-â1,4-GlcNAc-Epo were very
carefully added to the model after examining (Fo - Fc) and
(2Fo - Fc) electron density maps computed at various stages
during the refinement. At the final stage, 10% of the observed
data was set aside for cross validation analysis (28). Water
molecules which could form at least one hydrogen bond with
an atom of the model structure were included only if the
final B-factor was less than 50 Å2 in the final model. The
refinement converged at theR-value of 0.171 (Rfree, 0.247)
for 4223 reflections (78.6% completeness) with|Fo|>3σ(F)
in the resolution range of 8.0 to 2.3 Å. The coordinate error
was estimated to be less than 0.25 Å according to the method
of Luzzati (29). All stereochemical parameters of the final
model checked by PROCHECK (30) were either within or
better than the average value ranges obtained from good-
quality models. The root-mean-square deviations of bond
distances and angles from ideality were 0.011 Å and 1.73°,
respectively. The refined atomic coordinates and the structure
factors have been deposited in Protein Data Bank (31).

RESULTS

Affinity Labeling of Lysozymes.The dual labeling of HL
was detected during the analytical-scale experiments using
a cation-exchange HPLC by chance. Initially, the affinity
labeling of HL and HEWL was examined under two different
concentrations of Gal-â1,4-GlcNAc-Epo at 37°C, for 48 h.
Under the lower concentration (2.2 mM), the chromatogram
of the reaction mixture was essentially composed of a single
peak with regard to both HL and HEWL. Whereas, under
the higher concentration (6.6 mM), a new but still small
second peak (about five percent of peak area compared to
the main peak) appeared after the elution position of the
original main peak with HL. The shift of the elution position
to the higher salt concentration corresponded to the loss of
a negative charge (32), which was caused by the additional
attachment of the labeling reagent to a dissociated carbox-
ylate group in HL. No such additional peak was observed
with HEWL under the same condition. Then, more rigorous
reaction condition (75 mM) was applied to HL for the
purpose of further pursuing the alteration of elution pattern
of the reaction mixture. The second peak was amplified
distinctly by the increase of the reagent concentration. The
area ratio of second peak (peak 2) to main peak (peak 1)
reached to approximately 1:3 after 72 h (Figure 1). The peaks
1 and 2 were fractionated and subjected to the analysis by
MALDI-TOF/MS. The partial mass spectrum of peak 2 is
shown in Figure 2. The observed molecular weights of peaks
1 and 2 were 15 114.1 and 15 561.6, which corresponded to
the calculated molecular weight for the HL singly labeled
with Gal-â1,4-GlcNAc-Epo (15 132.1) and the HL doubly
labeled with Gal-â1,4-GlcNAc-Epo (15 571.6) within the
estimated mass accuracy error (ca.(0.1%), respectively. To
investigate whether the appearance of the second peak is
specific to Gal-â1,4-GlcNAc-Epo or not, either GlcNAc-

â1,4-GlcNAc-Epo or Man-â1,4-GlcNAc-Epo was examined
to react with HL under the same condition (75 mM, 37°C,
72 h). As for Man-â1,4-GlcNAc-Epo, the corresponding peak
but much smaller one (less than a few percent of peak area
compared with main peak) appeared, and virtually no
corresponding peak was observed in the chromatogram of
the reaction mixture with GlcNAc-â1,4-GlcNAc-Epo. This
indicated the strongest potential of Gal-â1,4-GlcNAc-Epo
among the three kinds of labeling reagents and the inef-
feciency of GlcNAc-â1,4-GlcNAc-Epo in the dual labeling
of HL.

Structure of the Ligand Part.The three-dimensional
structure of the HL doubly labeled with Gal-â1,4-GlcNAc-
Epo was determined by X-ray crystallographic analysis. The
final model contained the complete HL protein of 130
residues, two Gal-â1,4-GlcNAc-Epo moieties, and 84 water
molecules. Figure 3 shows the omit (Fo - Fc) electron
density maps concerning the bound ligands and the connec-
tion regions between protein and ligand (EPO1-Asp53 and
EPO2-Glu35). The continuous electron densities confirmed
the covalent binding of the labeling reagent to both Asp53
and Glu35 of HL and ensured the conformations of the
ligands in the final model. The averageB-values of atoms
of the first ligand and the second ligand were 20.5 Å2 and
49.0 Å2, respectively. The side chains of Asp53 and Glu35
slightly altered their conformation through the attachment
of Gal-â1,4-GlcNAc-Epo (Figure 4). The root-mean-square
displacements of the side-chain atoms from native HL were
1.1 Å and 0.6 Å with Asp53 and Glu35, respectively. The
two N-acetylglucosamine moieties in the doubly labeled HL
located in proximity to each other (Figure 5) with maintaining
a lot of close contacts (Table 1). Figure 6 illustrates the
conformations of the first ligand (GAL1-NAG1-EPO1) and
the second ligand (GAL2-NAG2-EPO2). The twoN-acetyl-
glucosamine residues and the two galactose residues in the
ligand part interacted differently. The two apolar ring planes
of theN-acetylglucosamine residues stacked with each other,
which was mainly conducted by van der Waals interactions
between them, whereas the two rings of the galactose
residues approximately shared the same plane by interacting
via several hydrogen bonds in addition to van der Waals
contacts (Figure 6). In Table 2, several stereochemical
parameters concerning the glycosidic bond between the
N-acetylglucosamine residue and the galactose residue in the
ligand part were summarized. All the pyranose rings in the
ligands took a normal chair conformation. The conformation
of the first ligand was very similar to that of the ligand in

FIGURE 2: MALDI-TOF/MS analysis of the HL labeled with two
Gal-â1,4-GlcNAc-Epo. The peak 2 fraction in Figure 1 was
analyzed. Calculated value in parentheses.
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the singly labeled HL. The linkage torsion angles (φ andψ)
of both N-acetyllactosamine moieties in the doubly labeled
HL coincided with the optimized low-energy conformation
region calculated for Gal-â1,4-GlcNAc linkage in histo-blood
group oligosaccharides such as Ley and type-2 H antigen
(35). Interestingly, the C6-O6 bond in bothN-acetylglu-
cosamine residues in the doubly labeled HL took a nearly
cis conformation toward the C5-O5 bond, which was a
+gauche conformation in the singly labeled HL (Table 2).

The cis conformation itself should be energetically unfavor-
able compared to+gauche conformation; however, the
following hydrogen-bonding interactions were supposed to
compensate for the energetic loss (Table 3). The O6 atom
in NAG1, which rather exposed to the solvent region, made
a direct hydrogen bond to OH atom of Tyr63 and a couple
of water-mediated hydrogen bonds to OD2 atom of Asp49
and ND2 atom of Asn46 in HL. The O6 atom in NAG2
interacted with the residues 107-110 via the direct hydrogen
bonds, and if the C6-O6 bonds took a+gauche conforma-
tion, the O6 atom in NAG2 would collide with the main-
chain atoms of Arg107 and Ala108 residues in HL.

Interaction of the Ligands with Protein.Figure 7 shows
the structure of the ligand-binding site. Both Gal-â1,4-
GlcNAc-Epo moieties were located inside the substrate-
binding cleft of HL. As shown in Figure 5, the first ligand
occupied essentially the same position where the Gal-â1,4-
GlcNAc-Epo moiety in the singly labeled HL was found,
which basically corresponded to the subsites B and C of HL.
On the other hand,N-acetylglucosamine residue in the second
ligand (NAG2) squeezed into the vacant space surrounded
by the N-acetylglucosamine residue in the first ligand

FIGURE 3: (Fo - Fc) omit electron density maps for the ligands together with the refined model. Top left, the first ligand; top right, the
second ligand; bottom left, EPO1-Asp53 region; bottom right, EPO2-Glu35 region. The maps for the first ligand and the second ligand
are contoured at 2.0σ and 1.0σ, respectively.

FIGURE 4: Superposition of the connection region between HL and
the ligand. Thin lines, native HL; thick lines, the doubly labeled
HL.

Dual Affinity Labeling of Human Lysozyme Biochemistry, Vol. 38, No. 2, 1999543



(NAG1) and the residues 107-110 of HL, which made up
a part of “right-side” cleft lobe around the subsites C and
D. The galactose residue in the second ligand (GAL2)
relatively protruded to the outside of the cleft while keeping
the contacts with the galactose residue in the first ligand
(GAL1) and Gln104 of HL which formed a part of the “right-
side” cleft lobe around the subsite B.

In Table 3, the possible ligand-protein hydrogen-bonding
interactions in the HL labeled with two Gal-â1,4-GlcNAc-
Epo were summarized. All major direct and water-mediated
hydrogen-bonding interactions in the singly labeled HL (21)

were also found in the doubly labeled HL. In addition to the
conserved hydrogen bonds, three new direct and six new
water-mediated hydrogen-bonding interactions with protein
part were detected in the firstN-acetyllactosamine part
(GAL1-NAG1). Six water molecules were identified as the
bridging water between ligand atoms and protein atoms
(Figure 7). Each oxygen atom of the water molecules showed

FIGURE 5: Overall structure of HLs labeled with Gal-â1,4-GlcNAc-Epo. Left, the doubly labeled HL; right, the singly labeled HL (21).
The protein part and the ligand part are drawn in a wire-model and a space-filling model, respectively. Water molecules omitted.

Table 1: Possible Interactions between the TwoN-Acetyllactos-
amine Moieties in the Ligand Part

carbohydrate atom 1 carbohydrate atom 2 distance (Å)

(a) Hydrogen-Bonding Interactionsa

GAL1 O2 GAL2 O2 2.7
GAL1 O2 GAL2 O3 2.4
GAL1 O3 GAL2 O3 3.4
NAG1 O4 GAL2 O2 2.4
EPO1 O2 NAG2 N2 3.1

(b) van der Waals Interactionsb

GAL1 C1 GAL2 O2 3.2
GAL1 O1 GAL2 O1 3.9
GAL1 O1 GAL2 C2 3.4
GAL1 C2 GAL2 C2 3.5
GAL1 C2 GAL2 O2 2.8
GAL1 C2 GAL2 C3 3.9
GAL1 C2 GAL2 O3 3.2
GAL1 O2 GAL2 C2 2.7
GAL1 O2 GAL2 C3 3.1
GAL1 O2 GAL2 C4 4.0
GAL1 C3 GAL2 O3 3.9
NAG1 C1 NAG2 C1 3.8
NAG1 C1 NAG2 C3 3.9
NAG1 C1 NAG2 C5 3.9
NAG1 O1 NAG2 C1 3.9
NAG1 C4 GAL2 O2 3.6
NAG1 C5 GAL2 O2 3.8
NAG1 C5 NAG2 C3 3.8
NAG1 C5 NAG2 C4 4.0
NAG1 C5 NAG2 O4 3.3
NAG1 O5 NAG2 C3 3.8
NAG1 C6 GAL2 O1 3.8

a The interactions within the distance of 3.5 Å are listed.b The
interactions within the distance of 4.0 Å are listed.

FIGURE 6: Ball and stick representation of the Gal-â1,4-GlcNAc-
Epo moieties in the doubly labeled HL. Carbon atoms, oxygen
atoms and nitrogen atoms are shown in white, gray and black,
respectively. The broken lines indicate the hydrogen-bonding
interactions. This figure was drawn with MOLSCRIPT (33).

Table 2: Stereochemical Parameters of Disaccharidesa

C6-O6 bondb

linkage
φ

(deg)
ψ

(deg)
ψH

(deg)
O5-O3′

(Å) GAL NAG

GAL1-NAG1 -67 -116 58 3.0 trans nearly cis
GAL2-NAG2 -76 -95 68 3.6 trans nearly cis
GAL131-NAG132c -69 -119 53 3.0 trans+gauche
GAL-NAGd -73 -102 nde nd nd nd

a Values ofφ andψ are the torsion angles about C1-O1(O4′) and
O1(O4′)-C4 defined by O5-C1-O1(O4′)-C4′ and C1-O1(O4′)-
C4′-C5′, respectively. The value ofψH is the helical twist parameter
defined as the average of the pseudorotation anglesψ1 ) O5-C1-
C4′-C3′ andψ2 ) C2-C1-C4′-C5′ (34). b The conformation toward
the C5-O5 bond.c Values are those in the structure determined by
Muraki et al. (21). d The lowest-energy conformation reported for Ley
by Imberty et al. (35). e nd, not described.
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aB-value comparable to the other structural atoms as a fully
occupied atom (Wat8 O, 21.7 Å2; Wat9 O, 10.6 Å2; Wat38
O, 26.3 Å2; Wat50 O, 39.8 Å2; Wat55 O, 35.3 Å2; Wat83
O, 31.4 Å2, each denoted in Table 3b). TheN-acetylglu-
cosamine residues (NAG1 and NAG2) were recognized
mainly by direct ligand-protein interactions due to the
relatively secluded position from solvent and the full packing
around the subsites C and D with the ligands. On the other
hand, GAL1 was suggested to form seven water-mediated
ligand-protein hydrogen bonds in addition to the direct
hydrogen bond between the axial 4-OH group of GAL1 and
OD2 atom of Asp102 in HL (Table 3). As described above,
the recognition of GAL2 was largely conducted by the
interaction with the first ligand (Table 1); however, the side-
chain amide group of Gln104 in HL was also responsible
for the recognition through a couple of hydrogen bonds with
the 2-OH group of GAL2 (Table 3). The formation of
hydrogen bonds between the 2-OH groups of EPO1 and
EPO2 and the side-chain oxygen atom of either Asp53 or
Glu35 might contribute to stiffen the connection region
between the protein part and the ligand part.

Change in the Main-Chain Structure.As shown in Figure
5, the overall structure of the doubly labeled HL was very

similar to that of the singly labeled HL. The least-squares
superposition indicated that the average displacement value
of the main-chain atoms was 0.32 Å. However, some
additional conformational changes in the backbone structure
from native HL were observed with the doubly labeled HL
compared to the singly labeled HL. A fairly large displace-
ment of main-chain atoms in “lower right-side” cleft lobe
in the region of residues 118-123 was observed with the
doubly labeled HL in addition to the shift in the region of
residues 101-103 composing the “upper right-side” cleft
lobe of HL. The latter shift was the most significant
conformational change with the singly labeled HL (21).
These conformational changes made the substrate-binding
cleft of doubly labeled HL narrower as compared with native
HL. The maximum CR-atom deviation for each region was
1.3 Å at Asp120 for the “lower right-side” cleft region and
1.5 Å at Pro103 for the “upper right-side” cleft region,
respectively. Another characteristic of the conformational
change in HL accompanied with the dual labeling was the
displacement of residues 46-49 composing the “upper left-
side” cleft lobe with the maximum displacement of 1.0 Å at
Gly 48. The shift slightly widened the substrate binding cleft,
which was not observed in the single labeling of HL with
Gal-â1,4-GlcNAc-Epo. A larger shift of this region has been
observed in the labeling of HL with Man-â1,4-GlcNAc-Epo
(22).

DISCUSSION

Our previous study demonstrated that not only GlcNAc-
â1,4-GlcNAc-Epo but also Gal-â1,4-GlcNAc-Epo have the
potential to label HL via a covalent attachment to the side-
chain carboxylate group of Asp53 (21). The inactivation
ability of Gal-â1,4-GlcNAc-Epo against the lytic activity of
HL was much less than that of GlcNAc-â1,4-GlcNAc-Epo,
which reflected the weaker affinity of Gal-â1,4-GlcNAc
compared with GlcNAc-â1,4-GlcNAc toward native HL.
Nevertheless, the dual attachment of the affinity-labeling
reagent to HL was performed much more effectively by Gal-
â1,4-GlcNAc-Epo compared with GlcNAc-â1,4-GlcNAc-
Epo. This suggested that the second labeling was conducted
through the specific recognition of the second Gal-â1,4-
GlcNAc-Epo by the singly labeled HL. The recognition
mechanism was revealed by X-ray crystallographic analysis
of the three-dimensional structure of the HL labeled with
two Gal-â1,4-GlcNAc-Epo. The comparison of the X-ray
structures indicated that the basic conformation of the ligand
and all major hydrogen-bonding interactions between the
ligand and the protein in the singly labeled HL were
unchanged in the doubly labeled HL (Table 2 and Table 3).
The conservative behavior of the first ligand during the
incorporation of the second ligand suggested that the first
labeling produced the suitable pocket for the recognition of
the second ligand. In other words, HL conjugated with a
Gal-â1,4-GlcNAc-Epo moiety at Asp53 was functional as
the novel carbohydrate-binding protein with the affinity for
N-acetyllactosamine. The already existedN-acetyllactosamine
moiety played an essential role in the second recognition
step both by forming specific hydrogen bonds to the second
N-acetyllactosamine moiety and by making a lot of attractive
van der Waals contacts (Table 1).

Hydrogen-bonding interaction is a major factor determin-
ing the specificity and the affinity of carbohydrate-binding

Table 3: Possible Ligand-Protein Hydrogen-Bonding Interactions
in the HL Labeled with Two Gal-â1,4-GlcNAc-Epoa

(a) Direct Ligand-Protein Interactions
ligand atom protein atom distance (Å)

GAL1 O4 Asp102 OD2 2.5 *
NAG1 N2 Ala108 O 3.0 *
NAG1 O3 Trp64 NE1 3.2 *
NAG1 O4 Gln104 NE2 3.1
NAG1 O6 Tyr63 OH 3.0
NAG1 O7 Trp64 NE1 2.9
NAG1 O7 Asn60 N 2.8 *
EPO1 O2 Asp53 OD1 2.9
GAL2 O2 Gln104 NE2 2.5
GAL2 O2 Gln104 OE1 2.7
NAG2 O5 Val110 N 2.9
NAG2 O6 Arg107 O 2.2
NAG2 O6 Ala108 O 3.5
NAG2 O6 Trp109 N 3.1
NAG2 O6 Val110 N 3.2
EPO2 O2 Glu35 OE1 2.8
EPO2 O2 Glu35 OE2 3.5
EPO2 O2 Gln58 O 3.5
EPO2 O1 Val110 N 2.8

(b) Water-Mediated Ligand-Protein Interactions
ligand
atom

first
water atom

second
water atom

protein
atom

distance
(Å)b

GAL1 O3 Wat8 O Gln104 N 3.2/3.0 *
GAL1 O4 Wat8 O Gln104 N 3.2/3.0 *
GAL1 O4 Wat83 O Gln104 NE2 2.7/2.6 *
GAL1 O4 Wat83 O Wat9 O Val99 O 2.7/2.7/2.8
GAL1 O4 Wat83 O Wat9 O Gly105 N 2.7/2.7/3.5
GAL1 O4 Wat83 O Wat9 O Gly105 O 2.7/2.7/2.9
GAL1 O5 Wat83 O Gln104 NE2 3.1/2.6 *
NAG1 O3 Wat83 O Gln104 NE2 3.0/2.6
NAG1 O6 Wat38 O Asp49 OD2 2.7/2.6
NAG1 O6 Wat38 O Wat50 O Asn46 ND2 2.7/3.0/3.0
NAG2 O6 Wat55 O Arg107 O 3.5/3.2

a The interactions within the distance of 3.5 Å are listed.b The
distances of the water-mediated hydrogen bonds are shown as the
distances of (ligand atom-first water atom)/(first water atom-protein
atom) or (ligand atom-first water atom)/(first water atom-second water
atom)/(second water atom-protein atom). The asterisks indicate the
presence of the same interaction in the HL labeled with a single
Gal-â1,4-GlcNAc-Epo.
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proteins (1, 2). The 2-OH group of galactose residue was a
key structural element in the direct hydrogen-bonding
interactions concerning the recognition of the second ligand
(Tables 1 and 3). Therefore, the replacement of the equatorial
2-OH group in galactose residue with either the bulkier
N-acetylamino group ofN-acetylglucosamine residue or the
axial OH group of mannose residue should damage the
affinity toward the second ligand, which accounted for the
predominance of Gal-â1,4-GlcNAc-Epo over GlcNAc-â1,4-
GlcNAc-Epo or Man-â1,4-GlcNAc-Epo in dual labeling. The
localized conformational change induced by the oligosac-
charide binding via direct and water-mediated hydrogen
bonds is a common feature in the recognition events
involving carbohydrate-binding proteins (36-38). Several
additional direct and water-mediated hydrogen-bonding
interactions between the firstN-acetyllactosamine (GAL1-
NAG1) moiety and the protein were observed in the doubly
labeled HL compared with the corresponding part in the
singly labeled HL (Table 3). This indicated that the binding

of the second Gal-â1,4-GlcNAc-Epo moiety refined the
conformation of the protein together with that of the first
N-acetyllactosamine moiety in the singly labeled HL to the
more energetically stabilized form in the doubly labeled HL.
The conformational changes of the structural part involved
in the additional hydrogen-bonding interactions are shown
in Figure 8.

If the assistance of recognition by the first ligand alone is
taken into account, there might be an alternative way for
the dual labeling, in which the first attachment of affinity
label occurred to the carboxylate group of Glu35 instead of
Asp53. However, this mechanism would not be probable
under the pH condition (pH 5.4) used in this study. The two
catalytic carboxyl groups in c-type lysozymes (e.g., Glu35
and Asp53 in HL and Glu35 and Asp52 in HEWL) have
quite different pKa values. The disagreement in pKa has been
ascribed to the electrostatic interaction between the two
carboxyl groups as well as the hydrophobic environment
around Glu35 (39, 40). The pKa value of Glu35 of HL in

FIGURE 7: Ligand-binding structure in the active site of the doubly labeled HL. The amino acid residues and water molecules involved in
the hydrogen-bonding interactions with the ligands are included. (top) Stereoview. The protein part, the first ligand part, the second ligand
part and water molecules are drawn with atom colored wires, blue wires, pink wires and white balls, respectively. (bottom) Schematic
drawing. The possible hydrogen-bonds are shown in broken lines.
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the uncomplexed state is determined as 6.8, which was
abnormally higher than that of Asp53 (3.4) (41). The
difference would make most Glu35 remain as neutral
carboxylic acid form and most Asp53 as negatively charged
carboxylate anion form under pH 5.4. Epoxides react readily
with ionized carboxylate anions, but not with undissociated
carboxylic acids (42). The reaction is suggested to proceed
via a bimolecular SN2 mechanism. Supportingly, both
carboxylate groups in this study were bound to the sterically
less hindered methylene carbon (C3) in the epoxide group
(Figure 3). The esterification of Asp52 in HEWL with
GlcNAc-â1,4-GlcNAc-Epo alters the pKa of Glu35 from 6.1
to 5.2 (39). The pKa of Glu35 in HL is calculated as 4.4
when the ionization of Asp53 was blocked (41). These results
suggested that once Asp53 in HL was esterified with the
first Gal-â1,4-GlcNAc-Epo, considerable part of Glu35
turned to the ionized state, which made Glu35 be ready to
react with the second Gal-â1,4-GlcNAc-Epo. Consequently,
we propose the sequential reaction scheme shown in Figure
9a.

It is reported that the 1,3-1,4-â-D-glucan 4-Glucanohy-
drolases fromB. subtilisandbarley (HordeumVulgare) are
inactivated predominantly by the optically pure (3S)- and

(3R)-3,4-epoxybutylâ-cellobioside, respectively (43). The
affinity-labeling reagent, Gal-â1,4-GlcNAc-Epo, used in this
study was a mixture of the stereoisomers (2′R and 2′S)
concerning the asymmetric carbon in the epoxide group. The
configurations of both asymmetric carbons in the connection
regions between protein and saccharide were modeled as the
same (2′S) configuration from the shape of the electron
density of this region (Figure 3). The (2′R) epoxide isomer
was suggested to be used predominantly in the esterification
of both Asp53 and Glu35, since the (2′R) epoxide produces
the (2′S) ester in the labeling reaction (Figure 9b).

In conclusion, the present study has provided a rational
mechanism for the dual labeling of the active site of HL
with Gal-â1,4-GlcNAc-Epo. The results also suggested the
possibility of creating a novel carbohydrate-binding protein
which shows the different recognition specificity from that
of the original protein using the preconjugation of a saccha-
ride moiety.
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