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Abstract 

Human lysozyme (HL) labelled with the 2',3'-epoxy- 
propyl ,8-glycoside of Man-,81,4-GlcNAc was crystal- 
lized at pH 4.5. The cell dimensions were a -- 36.39, b = 
116.38, c= 30.91 ,~, and the space group was P2k2121. The 
unit cell contained four molecules (V,,, = 2.18 A 3 Da-l) .  
The crystal structure was determined by molecular 
replacement and refined to an R value of 0.168 for 7060 
reflections [IF,,[ > 3o(F)] in the resolution range 8.0- 
2.1 .~,. A prominent shift of the C"-atom positions by up 
to 3.8/k in the region of residues 45-50 was observed 
compared with wild-type HL. Owing to the conforma- 
tional change in this region the intermolecular contacts 
were altered remarkably compared with wild-type HL, 
explaining the difference in molecular packing. The 
Man-,81,4-GlcNAc moiety occupied subsites B and C in 
the substrate-binding site of HL. Several differences in 
the hydrogen-bonded contacts between the ligand part 
and the protein part were observed for HL labelled with 
the 2',3'-epoxypropyl ,8-glycoside of Man-,81,4-GlcNAc 
compared with HL labelled with the corresponding 
derivatives of G1cNAc-,81,4-GIcNAc and Gal-,81,4- 
GlcNAc. In contrast to the replacement of GIcNAc 
with Gal, the replacement of GIcNAc with Man did not 
sacrifice the stacking interactions with the side-chain 
group of Tyr63 as determined by the parallelism of the 
apolar face of the carbohydrate residue and the 
aromatic plane of the Tyr63 side chain. The 2',3'- 
epoxypropy1,8-glycoside of Man-,81,4-GlcNAc exhibited 
almost the same affinity towards HL as Gal-,81,4- 
GIcNAc, a much lower affinity than that of GIcNAc- 
,81,4-GIcNAc. The difference in the protein-ligand 
interactions was discussed in relation to the carbo- 
hydrate-residue recognition specificity at subsite B of 
HL. The results suggested that Glnl04 was a determi- 
nant for the strong recognition of GIcNAc residue at 
subsite B in HL. 

1. Introduction 

Sequence-specific recognition of polysaccharides by 
carbohydrate-binding proteins plays a crucial role in 
many important biological processes for the main- 
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tenance of homeostasis of living animals and plants 
(Quiocho, 1986). This includes the recognition of 
bacterial cell-wall polysaccharide by human lysozyme, 
one of the c-type lysozymes. The first observation of 
saccharide binding in the active site of a c-type lysozyme 
was reported by Blake et al. (1967). Since then, the 
interaction mode between c-type lysozymes and 
saccharide sequences has been studied by many inves- 
tigators in atomic detail using X-ray crystallography. For 
example, the interaction of MurNAc-GIcNAc-MurNAc 
(Strynadka & James, 1991) or (GIcNAc)3 (Cheetham et 
al., 1992) with hen egg-white lysozyme (HEWL) and the 
interaction of (GIcNAc)4 plus (GIcNAc)2 with HL (Song 
et al., 1994) have been reported. The active site of c-type 
lysozymes, including HL, has generally been considered 
to be composed of six subsites designated from A to F, 
each of which accommodate a monomeric carbohydrate 
residue. Many studies on the substrate-recognition 
mechanism involving subsites B and C of c-type lyso- 
zymes have been performed. However, detailed struc- 
tural descriptions of interaction with disaccharide 
sequences other than the GIcNAc-fll,4-GIcNAc or 
MurNAc-,81,4-GIcNAc sequences at these subsites are 
f ew .  

Since the physiological role of lysozyme has not yet 
been completely clarified (Joll~s & Joll6s, 1984), the 
possible interaction of lysozyme with other saccharide 
sequences existing in biological sources is biochemically 
worth probing. The Man-fll,4-GlcNAc sequence is 
ubiquitously found in the core structure of N-linked 
oligosaccharides of glycoproteins and also found in 
carbohydrate-storage materials from some patients with 
conditions such as mannosidosis, as a disaccharide 
component (Dawson, 1978). Affinity labelling of hen 
egg-white lysozyme by 2',3'-epoxypropyl fl-glycoside 
derivatives of GIcNAc oligomers was reported by 
Thomas et al. (1969), and the attachment site of the 
labelling reagent has been identified (Moult et al., 1973). 
In a previous paper, we revealed the interaction mode 
between HL and Gal-fll,4-GlcNAc by affinity labelling 
(Muraki et al., 1996). We describe here the interaction 
mode between c-type lysozyme and Man-fll,4-GlcNAc 
for the first time, as probed by means of affinity label- 
ling. X-ray structural analysis revealed a change in the 
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main-chain conformation induced by the attachment of 
the labelling reagent. The structural comparison of HL 
labelled with the 2',Y-epoxypropyl fl-glycoside deriva- 
tive of Man-#l ,4-GlcNAc (the H L / M A N - N A G - E P O  
complex), HL labelled with the 2',3'-epoxypropyl 
3-glycoside derivative of GlcNAc-#I,4-GlcNAc (the 
H L / N A G - N A G - E P O  complex) and HL labelled with 
the 2',3'-epoxypropyl #-glycoside derivative of Gal-#I,4- 
GlcNAc (the H L / G A L - N A G - E P O  complex) have 
provided information on the carbohydrate-residue 
recognition specificity at subsite B of HL. 

2. Materials  and m e t h o d s  

2.1. Materials 

The affinity-labelling reagent, the 2',3'-epoxypropyl 
fl-glycoside of Man-#l ,4-GlcNAc, was synthesized 
organo-chemically, according to the methods of Sato et 
al. (1997) and Thomas (1970). N-acetyllactosamine was 
used as the starting material for the synthesis. The 
product was a mixture of the (2R) and the (2S) stereo- 
isomers at the epoxide group. 1H NMR analysis showed 
the sample to be essentially pure. The ratio of the 
stereoisomers was 4:1, with the same stereoisomer in 
excess as in the cases of the labelling reagents GlcNAc- 
#l ,4-GlcNAc and Gal-fll ,4-GlcNAc (Muraki et al., 
1996). All other reagents were analytical or biochemical 
grade. 

2.2. Crystallization and structure determination 

HL (20 mg) and the 2',3'-epoxypropyl 3-glycoside of 
Man-#l ,4-GlcNAc (30 mg) were incubated in 1.5 ml of 
0.2 M sodium acetate buffer (pH 5.4) at 310 K. After  the 
reaction had proceeded until the reaction mixture 
showed less than 1% of the initial lytic activity, the 
reaction mixture was separated by cation-exchange 
chromatography (Mono S, Pharmacia).  The main peak, 
detected at 280 nm, contained the affinity-labelled HL. 
The crystallization conditions were essentially the same 

Table 1. Data-collection statistics and refinement 
parameters 

Data collection 
Space groupt P212121 (P212121) 
Cell dimensions (A)t 

a 36.39 (57.14) 
b 116.38 (61.02) 
c 30.91 (33.10) 

Resolution range (*) 36.4-2.07 
Number of measured reflections 22 724 
Number of unique reflections 7438 
Rmerg e (%) 5.7 
Completeness of data (%) 94.9 

Refinement 
Resolution range (.~) 8.0-2.1 
Number of reflections used (IN > 3trF) 7060 
R factor (%) 16.8 
Free R factor (%) 24.8 
R.m.s. deviations from ideality 

Bond lengths (,~) 0.011 
Bond angles (°) 1.637 

t Values for wild-type HL are in parentheses. 

as for wild-type HL, the H L / N A G - N A G - E P O  complex 
and the H L / G A L - N A G - E P O  complex. 5 M ammonium 
nitrate at pH 4.5 was used as the precipitant (Muraki et 
aL, 1991). Similarly shaped prisms as observed for the 
H L / N A G - N A G - E P O  complex appeared. The space 
group (P212121) of the crystals of the H L / M A N - N A G -  
EPO complex was the same as that of wild-type HL, the 
H L / N A G - N A G - E P O  complex and the H L / G A L -  
N A G - E P O  complex. However, the cell constants of the 
H L / M A N - N A G - E P O  complex (Table 1) were quite 
different from the other complexes (Muraki et aL, 1996). 
The diffraction data collection was carried out by an 
automated oscillation-camera system, R-AXIS IIc 
(Rigaku), equipped with an imaging-plate detector. 
Cu Kot radiation focused by a double-mirror system was 
generated using a Rotaflex FR rotating-anode generator 
operated at 1.6 kW (40 kV x 40 mA). The data were 
processed with the R-AXIS IIc data-processing software 

Fig. 1. Stereoview of the structure of 
the HL/MAN-NAG-EPO com- 
plex. The ligand part and the 
Asp53 side chain are shown as 
ball-and-stick models. The cova- 
lent bond which connects the 
ligand and Asp53 is drawn as a 
thick red line. 
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Table 2. Some stereochemical parameters o f  disaccharides 

q) and ~p arc the torsion angles about C I - - O 1 ( O 4 ' )  and O1(O4 ' ) - -C4,  defined by O 5 - - C 1 - - O 1 ( O 4 ' ) - - C 4 '  and C 1 - - O 1 ( O 4 ' ) - - C 4 ' - - C 5 ' ,  
respectively. 0H is the helical twist parameter, defined as the average of the pseudorotation angles ~p] = O5--C1 --C4'--C3' and ~pe = C2-C1 - 
C4'--C5' (Mo & Jensen, 1978). 

Linkage ~P ( )  ~P (') OJt (~ ' )  O5--O3' (A,) C6--O6 bondt 
131 132 

MAN 131 -NAG 132 -96 - 123 20 3.1 ( - )-gauche (+)-gauche 
NAG 131 -NAG 132~c -84 - 120 35 3.0 ( - )-gauche (+)-gauche 
GALl 31-NAG 132; -69 - 119 53 3.0 trans (+)-gauche 

t Conformation in relation to the C 5 - O 5  bond. ~: Values are those in the structure determined by Muraki et al. (1996). 

package (Sato et al., 1992). The structure determinat ion 
of the H L / M A N - N A G - E P O  complex was accom- 
plished by a molecular-replacement  method using 
X - P L O R  version 3.1 (Bri.inger et al., 1987). A modified 
set of coordinates  of the H L / N A G - N A G - E P O  complex 
(Protein Data Bank, entry code 1REY), which lacked 
the coordinates  for the GIcNAcl31 residue, was used as 
the starting model. The number  of protein molecules in 
an asymmetric unit was one, judging by the Vm value 
(2.18 ~3 Da- l ) .  The cross-rotation search was 
performed using Patterson vectors in the range 15.0- 
4.0 A. The 180 solutions obtained were subjected to a 
PC refinement,  which gave a single plausible solution. 
The translat ion search was performed using 15.0--4.0 A, 
data. The rigid-body refinement for the solution with the 
highest correlat ion (12.6o" above the mean value) gave 
an R value of 0.345 for 8.0-2.1 * data. At  this stage the 
(F,, - F,.) difference map clearly showed the electron 
density of the mannose  residue. The model could be 
fitted to the density very well. The model was further 
refined by a s imulated-anneal ing method using 
X - P L O R .  Water molecules which could form at least 
one hydrogen bond with a protein atom or with an 
already existing water molecule were included only if 
the final B factor was less than 60 ~2. The coordinate  
error  was est imated to be less than 0.25 A, using the 
method of Luzzati (1952). All s tereochemical  para- 
meters of the final model checked by P R O C H E C K  
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Fig. 2. Plot of the positional shifts of equivalent C ~ atoms of the HL/ 
MAN-NAG-EPO complex from wild-typc HL. The shift values are 
calculated after least-squares fitting of the main-chain atoms. 

(Laskowski et al., 1993) were ei ther  within or bet ter  than 
the average value ranges obta ined from good-quali ty 
models. Some data-collection statistics and refinement 
parameters  are summarized in Table 1. All graphical 
drawings of three-dimensional  structures were produced 
using M O L S C R 1 P T  (Kraulis, 1991) and TURBO-  
F R O D O  (Jones, 1978). The coordinates  and structure 
factors have been deposited with the Protein Data  Bank 
(Bernstein et al., 1977). t 

2.3. Reaction o f  HL  with affinity-labelling reagent 

The experiment  to follow the t ime-dependent  inacti- 
vation has been carried out as described (Muraki et al., 
1996) with the exception that HL (1.0 x 10 -5 M) was 
incubated with an affinity-labelling reagent (6.6 x 
10 -3 M) in 0.2 M sodium acetate buffer (pH 5.4) at 
310 K. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

3.1. Structure o f  the protein part 

The least-squares superposit ion showed that the 
overall main-chain structure of the H L / M A N - N A G -  
EPO complex (Fig. 1) was very similar to that of wild- 
type HL. The average displacement  value of the main- 
chain atoms was 0.43 A. However,  as shown in Fig. 2, 
significant shifts of C °' atoms were observed in several 
regions. The most prominent  shift (maximum 3.8 A) was 
observed in the region containing residues 45-50. Shifts 
in the region containing residues 67-72 (maximum 
1.1 ,A,) and in the region containing residues 102-112 
(maximum 1.4,~) were also observed. The conforma- 
tional change in the main-chain structure of these 
regions is presented in Fig. 3. For further  est imation of 
the structural change induced by ligand binding, the 
difference-distance maps of all C ~ atoms against wild- 
type HL were calculated for the H L / M A N - N A G - E P O  
and H L / N A G - N A G - E P O  complexes (Fig. 4). A short 
loop region of residues 45-50, connecting two fl-strands, 
moved significantly closer (by a maximum of 4.0 A) 
towards all regions except residues 67-72 (Fig. 4a), 

t Atomic coordinates and structure factors have been deposited with 
the Protein Data Bank. Brookhaven National Laboratory (Reference: 
1REM). 



Table 3. Comparison of possible carbohydrate-protein hydrogen bonds in the t fL/MAN-NAG-EPO, ItL/NAG- 
NAG-EPO and tlL/GA L-NAG-EPO complexes 

Only  bonds  of  less than 3.3 ,~ are  included.  

C a r b o h y d r a t e  Dis tance  (,~)+ 

Subsi te  a t om Pro te in  a tom H L / M A N - N A G - E P O  H L / N A G - N A G - E P O $  H L / G A L - N A G - E P O $  

B 0 2  Gin 104 O E I  3.2 - -  - -  

N 2  Tyr63 O H  - 2.8/2.8 - 
0 3  Gin 104 N --  - 2.9/3.3 
0 4  A s p l 0 2  O D I  --  --  2.7 
0 4  G l n l 0 4  NE2 - - -  3.1/2.9 
0 4  Gin 104 N --  --  2.9/2.8 
0 5  G l n l 0 4  NE2 2.8 2.9/2.7 3.1/2.9 
0 6  A s p l 0 2  OD1 2.6 2.6 --  
0 6  G l n l 0 4  NE2 2.8 2.7/2.7 --  
0 6  Gin  104 N 3.1/2.9 --  - 
0 7  Gln  104 N E2 - 3.3 - 

C N2 Ala  108 O 2.7 3.0 2.9 
0 3  Trp64 N E 1 3.1 3.2 3.2 
0 3  G l n l 0 4  NE2 3.2 - - 
0 4  G l n l 0 4  NE2 - 3.1 --  
0 7  Ash60 N 2.8 2.9 3.0 

t The dis tances  of  wa te r -med ia t ed  hydrogen  bonds  arc shown as the d is tances  of  (sugar  a t o m - w a t e r  a t o m ) / ( w a t c r  a t o m - p r o t e i n  a tom) .  W a t e r -  
water  br idge  m e d i a t e d  hydrogen  bonds  are excluded.  :I: Values arc  those  in the s t ructure  d e t e r m i n e d  by Murak i  et al. (1996). 

which correspond to the adjacent large loop region 
(Fig. 3a). A switch of hydrogen bonds in this region 
occurs during the shift in atom positions. Although the 

" •  TYR 54 

_ ASN 66 
TIIR 43 

precise mechanism of the conformational change is 
unclear, the additional formation of a type I fi-turn 
structure consisting of Ala47, Gly48, Asp49 and Arg50 

~ LA 47 

(a) 

~ ARG 101 ARG 101 

(b) 

_ ASN 66 ~ Y R  54 TIlR 43 
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Fig. 3. Supe rpos i t i on  of  the par t ia l  
main-cha in  s tructure.  A f t e r  the 
l eas t - squares  l i t t ing of the main-  
chain atoms,  the c o r r e s p o n d i n g  
par ts  of the s t ruc tures  of  the 
H L / M A N - N A G - E P O  complex  
and wi ld- type  H L  arc  shown as 
thick lines and thin lines, respec-  
tively. (a) Res idues  43-54 and 
res idues  66--73. (b) res idues  101- 
113. 
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in the HL/MAN-NAG-EPO complex may partly 
account for the change. The binding of the ligand made 
the catalytic cleft narrower. The 103rd residue centred 
region moved toward the regions of residues 42-54 and 
residues 59-80, constituting the 'left-hand side' cleft 
lobe of HL, during thc ligand binding. This motion 
corresponds to an induced fit to the ligand. In the region 
of residues 45-50, the shift derives from the large local 
conformational change in the main-chain structure 
which takes place during the movement. However, the 
fitting motion itself was less distinct in the HL/MAN- 
NAG-EPO complex (Fig. 4a) compared with the 
HL/NAG-NAG-EPO complex (Fig. 4b). On the other 
hand, the 103rd residue centred region moved away 
from the regions of residues 4-30 and residues 121-130, 
which comprise the rear of the 'right-hand side' cleft 
lobe of HL. The movement was also less apparent in the 
binding of the 2',3'-epoxypropyl it-glycoside of 
Man-ill ,4-GlcNAc (MAN-NAG-EPO)  ligand 
(maximum 1.3 ,~) (Fig. 4a) than in the binding of the 
corresponding GlcNAc-ill,4-GlcNAc (NAG-NAG- 
EPO) ligand (maximum 2.4 A) (Fig. 4b). 

The region of residues 47-50 contributed significantly 
to the intermolecular contacts, including several inter- 
molecular hydrogen bonds, in the molecular packing of 
the wild-type HL crystal structure (Fig. 5a). The contacts 
were mostly maintained in the crystals of the HL/NAG- 
NAG-EPO and HL/GAL-NAG-EPO complexes. In 
contrast, the intermolecular contacts in this region were 
altered remarkably in the HL/MAN-NAG-EPO 
complex (Fig. 5b) owing to the prominent shift of the 
main-chain structure (Fig. 2). The altered molecular 
packing in the unit cell (Fig. 6) explained the large 
differences in the cell parameters of the HL/MAN- 
NAG-EPO complex compared with those of wild-type 
HL (Table 1). The average temperature factors for each 
residue are plotted in Fig. 7. The average B value was 
17.8 ~2 for all main-chain atoms and 23.7 ,~2for all side- 
chain atoms in the HL/MAN-NAG-EPO complex. Thc 
average B values of the main-chain atoms of residues 
Ala47 and Gly48 were significantly higher (33.0 and 
39.5 ,~2) in the HL/MAN-NAG-EPO complex 
compared with those in wild-type HL (16.6 and 16.9 ~2), 
the HL/NAG-NAG-EPO complex (21.9 and 23.4 ,~2) 
and the HL/GAL-NAG-EPO complex (16.6 and 
17.4 ,~2). The absence of the intermolecular hydrogen 
bond in which these residues participated (Fig. 5b) 
should be responsible for the higher B values. 

3.2. Structure of  the ligand part 

The omit (Fo - Fc) electron-density map (Fig. 8) 
clearly shows the bound ligand including the connection 
region between the protein part and the ligand part. It 
confirms the covalent binding of the labelling reagent to 
Asp53 of HL via an ester bond of high occupancy. The 

Man-ill,4-GlcNAc (MAN-NAG) moiety of the label- 
ling reagent occupied subsites B and C in essentially the 
same manner as the GIcNAc-ill,4-GIcNAc (NAG- 
NAG) or Gal-ill,4-GlcNAc (GAL-NAG) moiety 
(Muraki et al., 1996). Some stereochemical parameters 
of the ligand part in the HL/MAN-NAG-EPO,  
HL/NAG-NAG-EPO and HL/GAL-NAG-EPO 
complexes are summarized in Table 2. All pyranose 
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Fig. 4. Difference-distance map against wild-type HL. The difference 
('~--('~" distances, Ar,j (complex) - Arij (wild-type), are plotted. 
Contours are drawn at -0.6,  -0.8,  -1 .0  etc. (top left) and 0.6, 0.8, 
1.0 etc. (bottom right). (a) H L / M A N - N A G - E P O  complex, (b) 
H L / N A G - N A G - E P O  complex. 
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Fig. 5. lntermolccular contacts invol- 
ving rcsiducs 47-50. The original 
molecule and symmetry-related 
molecule concerned arc drawn 
with thick lines and thin lines, 
respectively. The broken lines 
denotc possible hydrogcn bonds. 
(a) Wild-typc HL (symmctry 
operator. - x  + ~, - y .  z + ~); (h) 
HL/MAN-NAG-EPO complex 
(symmetry operator, x + ~. 
- y  + -',, - : ) .  
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Fig. 6. Stereo drawing of crystal 
packing of the ttL/MAN-NAG- 
EPO complex. A unit cell and C" 
trace of molecules arc drawn. 
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rings in these complexes took a normal chair confor- 
mation. The C6- -O6 bond in the GlcNAc (NAG) 
residue occupying subsite C had (+)-gauche conforma- 
tion in relation to the C 5 - - 0 5  bond in all complexes. In 
the case of the residue occupying subsite B, (-)-gauche 
conformation was observed for MAN131 and NAG131, 
while trans conformation was observed for GALl31.  In 
contrast to the case of the G A L - N A G  linkage in the 
H L / G A L - N A G - E P O  complex, a larger q) value and a 
smaller lpH value of the M A N - N A G  linkage were 
observed in the H L / M A N - N A G - E P O  complex 
compared with the N A G - N A G  linkage in the H L / N A G -  
N A G - E P O  complex. The average temperature factors 
for residues 131 and 132 were 28.2 and 16.5 ~2 
( H L / M A N - N A G - E P O  complex), 31.2 and 21 .4A 2 
( H L / N A G - N A G - E P O  complex) and 23.5 and 17.1 ~2 
( H L / G A L - N A G - E P O  complex), respectively. These 
values were comparable to the average B values of the 
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Fig. 7. Plot of average B values of the main-chain atoms. 

saccharide residues occupying subsites B and C in the 
HL/(NAG)4-(NAG)2 complex (24.3 and 19.1 ~2) (Song 
et al., 1994). The result suggested that covalent bond 
formation between the protein part and the ligand part 
did not essentially affect the flexibility of the saccharide 
residues. 

3.3. Carbohydrate-protein interaction 

The possible hydrogen-bonding network around the 
ligand part in the H L / M A N - N A G - E P O  complex is 
shown schematically in Fig. 9. In Table 3, the major 
hydrogen-bonded contacts between the ligand part and 
the protein part in the H L / M A N - N A G - E P O ,  HL/ 
N A G - N A G - E P O  and H L / G A L - N A G - E P O  complexes 
are summarized. Compared with the NAG131 residue at 
subsite B in the H L / N A G - N A G - E P O  complex, the 
MAN131 residue in the H L / M A N - N A G - E P O  complex 
has lost the direct hydrogen bond from 07  to 
Glnl04 NE2 and the water-mediated hydrogen bond 
from N2 to the side-chain hydroxyl group of Tyr63, due 
to the lack of an equatorial 2-N-acetylamino group. On 
the other hand, the MAN131 residue gains a possible 
direct hydrogen bond from 0 2  to Glnl04 OE1 and a 
water-mediated hydrogen bond from 0 6  to Glnl04 N. A 
pair of water-mediated hydrogen bonds in the 
H L / N A G - N A G - E P O  complex, from 05  of the 
NAG131 residue to Glnl04 NE2 and 0 6  of the NAG131 
residue to Gln l04NE2,  were replaced with corre- 
sponding direct hydrogen bonds in the H L / M A N -  
N A G - E P O  complex. The conformation of the C6- -O6 
bond in the 131st residue (Table 2) was likely to be 
responsible for the hydrogen-bonded contact to Aspl02 

Fig. 8. Stereoview of the omit 
difference (Fo - Fc) electron- 
density map (contoured at 2.5~) 
shown with the refined position 
of the ligand and Asp53 of HL 
superimposed. 
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in HL. The C6- -06  bond of the MAN131 residue in the 
HL/MAN-NAG-EPO complex had ( - ) -gauche 
conformation with respect to the C5--O5 bond, as did 
that of the NAG131 residue in the HL/NAG-NAG- 
EPO complex. For both complexes, a direct hydrogen 
bond between the 06  atom of the 131st residue and 
Asp102 OD1 was observed (Table 3). This hydrogen 
bond was absent in the HL/GAL-NAG-EPO complex. 

\N~Gh 104 Trp64 I 

As-102 ,H / f - I~i-- Asn60 

" J ,  2, !H2 "N-'JZ-,,J . Alal08 " ~  

;Oh ,' ',, ', : H3C7~ .'" / O  O 
6(" ' ~ ',: Nil' (" ," 

4 \ 5  -- ~ 4 3 ,~/ 1 I ,' 
HO"'~-'~:2~HU \ ' HO~'"Z~Z'***"~/~ ~ i'.' 

:o- oh" 
," - ,I 4 6(OH "~ , /  , 

.,7o .,o . .;o 
H~O Alal08 

Gin104 "'O < Asn60 Asn46 

Fig. 9. Schematic drawing of the possible hydrogen-bonding interac- 
tions between the protein and ligand in the HL/MAN-NAG-EPO 
complex. Hydrogen-bonded contacts of less than 3.5 ,~ are shown 
with broken lines. All H L  residues belong to the same molecule. 

The presence of a bulky axial OH group at position 4 
may make the C6--O6 bond in the GALl31 residue 
energetically prefer trans conformation to ( - ) -gauche 
conformation with respect to the C 5 - - 0 5  bond. As 
shown in Table 3, the major possible hydrogen-bonded 
contacts at subsite C were almost conserved during the 
replacement of NAG-NAG-EPO by the corresponding 
derivative of MAN-NAG-EPO. However, the hydrogen 
bond between the 04  atom of the NAG132 residue and 
Glnl04 NE2 in the HL/NAG-NAG-EPO complex was 
replaced with that between the 03 atom of the NAG132 
residue and Glnl04 NE2 in the HL/MAN-NAG-EPO 
complex. 

In addition to the hydrogen-bonded contacts, the 
stacking of the aromatic residues against the faces of the 
carbohydrate residue is a distinct feature of protein- 
carbohydrate interactions (Vyas, 1991). Fig. 10 illus- 
trates the geometrical relationship between Tyr63 and 
the carbohydrate residue at subsite B of HL in the 
HL/MAN-NAG-EPO, HL/NAG-NAG-EPO and 
HL/GAL-NAG-EPO complexes. In contrast to the 
replacement of NAG131 by GALl31 (Muraki et al., 
1996), the replacement of NAG131 by MAN131 did not 
sacrifice the stacking interaction with the side-chain 
group of Tyr63 in HL. Moreover, considering the 
parallelism of the aromatic plane of the side-chain group 
in the protein and the faces of the carbohydrate residue, 

1 
(a) 

(b) 

Fig. 10. Stereoview of the conforma- 
tions of Tyr63 in H L  and the 
saccharide residue at subsite B. 
After least-squares fitting of the 
main-chain atoms, the corre- 
sponding parts of the H L / M A N -  
NAG-EPO,  H L / N A G - N A G -  
EPO and H L / G A L - N A G - E P O  
complexes are drawn with red, 
black and green lines, respectively. 
(a) Parallel view, (b) vertical view. 
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the orientation of the MAN131 residue shifts slightly to 
give better stacking with the phenol-ring plane of the 
Tyr63 side chain. The OH group at position 2 took the 
axial conformation in the MAN residue. This made the 
other side of the face more hydrophobic than the NAG 
residue, which possesses a hydrophilic N-acetylamino 
group at the same position in the equatorial conforma- 
tion. Therefore, the stronger hydrophobic interaction 
might cause improved parallelism of the two faces. 

3.4. Implications for the carbohydrate recognition 
specificity at subsite B 

M A N - N A G - E P O  inactivated HL exponentially with 
time, as did N A G - N A G - E P O  and G A L - N A G - E P O  
(Fig. 11). The reaction mixture comprised 6.6 x 10 -3 M 
labelling reagent and 1.0 x 10 -5 M HL at pH 5.4 and 
310 K. The reaction time required to reduce the lytic 
activity against M. luteus cells to 50% of original activity 
was 6.8, 13.6 and 15.0 h for NAG-NAG-EPO,  G A L -  
NAG-EPO and MAN-NAG-EPO,  respectively. This 
indicated that the half-life of the lytic activity was 
lengthened by 2.0 times and 2.2 times by the replace- 
ment of the non-reducing end-sugar residue GIcNAc by 
Gal and Man, respectively. Since the inactivation rates 
were directly affected by the strength of the association 
of the saccharide moieties with the lysozyme (Thomas et 
al., 1969), the results suggested that Man-#l,4-GlcNAc 
possessed a much lower affinity than GIcNAc-#I,4- 
GIcNAc and a similar affinity to GaI-,81,4-GIcNAc. 

There were several differences between the 
hydrogen-bonded contacts in subsite B in the HL/NAG- 
NAG-EPO and H L / M A N - N A G - E P O  complexes 
(Table 3). Among them, the water-mediated hydrogen 
bond to Tyr63 seems to be unimportant, as replacement 
of Tyr63 with Phe did not change the KM value for the 
p-nitrophenyl chitopentaoside significantly (Muraki et 
al., 1992). The replacement of the two water-mediated 
hydrogen bonds involving Glnl04 NE2 in the HL/NAG-  
NAG-EPO complex by corresponding direct hydrogen 
bonds in the H L / M A N - N A G - E P O  complex (Table 3) 
would also not weaken the interaction. Therefore, the 
direct hydrogen bond between Glnl04 NE2 and the 07  
atom of the NAG131 residue was suggested to be a 
determinant for the strong recognition of the GIcNAc 
residue at subsite B in HL. The same equatorial 
acetylamino group exists in the MurNAc (NAM) 
residue, which occupies subsite B in the interaction 
between cell-wall polysaccharide and HL. The hydrogen 
bond might also be responsible for the substrate- 
recognition process in the bacteriolysis action of HL. On 
the other hand, a new direct hydrogen bond was plau- 
sible between the side-chain carbonyl group of Glnl04 
and the axial 2OH group of the mannose residue. 
However, this expected bond turned out to be ineffec- 
tive in strengthening the interaction between the ligand 
and the protein. The more favourable geometry for 

hydrogen bonding of the 2OH group with either the 
adjacent 3OH group or the ring O atom at position 5 
may account for the ineffectiveness. 

The direct hydrogen-bonded contacts at subsite B 
involving Aspl02 and Gln104 in the H L / N A G - N A G -  
EPO complex were also found in the HL/(NAG)n- 
(NAG)2 complex (Song et al., 1994). The structurally 
corresponding residues to Aspl02 and Glnl04 in HL are 
Aspl01 and Asnl03 in HEWL and rainbow trout lyso- 
zyme (RBTL). In the H E W L / N A M - N A G - N A M  
complex, the MurNAc residue occupied subsite B and 
Asnl03 made hydrogen bonds to the O10 and O12 
atoms of the lactyl group (Strynadka & James, 1991). In 
the RBTL/(NAG)2 complex, Asnl03 ND2 made a direct 
hydrogen bond to the 0 7  atom of the GIcNAc residue at 
subsite B (Karlsen & Hough, 1995). In both complexes, 
Aspl01 contributed by making the same hydrogen bond 
to the 0 6  atom of the residue at subsite B. Also, in 
turkey lysozyme (TEL), which replaces the Aspl01 in 
HEWL with Gly, Asnl03 is conserved and contributes to 
the recognition of the GIcNAc residue at subsite B 
through a pair of water-mediated hydrogen bonds to the 
07  atom (Harata & Muraki, 1997). These results 
support the general responsibility of Glnl04 (in HL) or 
Asnl03 (in HEWL, RBTL and TEL) as well as Aspl02 
(in HL) or Aspl01 (in HEWL and RBTL) for the 
substrate recognition at subsite B of c-type lysozymes. 

The hydrophobic interaction between the apolar face 
of the carbohydrate residue and the aromatic plane of 
the side chain of the amino-acid residue results in the 
stacking of the two faces. The importance of such 
stacking interactions in substrate recognition at subsite 

I ! I I -  [ ! i 

10 2 • ~ lip ' ~ -' 

m 

n'- 

1 0 1  

1 I 1 ! 1 I 

0 5 10 15 20 25 

Reaction time (hi 

Fig. l 1. Inactivation of the lytic activity of HL by affinity-labelling 
reagents. HL (1.0 x 10 -5 M) was incubated with each reagent (6.6 x 
10 .3 M) at 310 K, pH 5.4. a, MAN-NAG-EPO; v, NAG-NAG- 
EPO; v, GAL-NAG-EPO;., no reagent. 
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B of c-type lysozymes has been pointed out for HL 
(Muraki et al., 1992; Song et al., 1994), HEWL (Stry- 
nadka & James, 1991; Cheetham et al., 1992) and TEL 
(Harata & Muraki, 1997). The unfavourable conforma- 
tion of the GALl31 residue for a stacking interaction 
with Tyr63 (Fig. 10), concomitant with the alteration of 
the hydrogen-bonded contacts (Table 3), explains well 
the reduced affinity of Gai-/J1,4-GIcNAc compared with 
GIcNAc-/41,4-GIcNAc (Muraki et al., 1996). In contrast, 
replacement of the GIcNAc residue by a Man residue 
did not sacrifice the parallel stacking with the side-chain 
group of Tyr63. An attractive C - - H  rr-interaction has 
been pointed out as the origin of the stacking interaction 
(Nishio et al., 1995). The C1--H,  C3- -H  and C5- -H 
bonds in both the pyranose ring of the MAN I31 residue 
in the H L / M A N - N A G - E P O  complex and the NAG131 
residue in the H L / N A G - N A G - E P O  complex geo- 
metrically point toward the aromatic plane of Tyr63. 
Although further analysis is necessary, it is possible that 
the C - - H  7r-interaction contributes significantly to the 
parallel stacking in both complexes. In conclusion, the 
major cause of the decrease in affinity could be ascribed 
to alterations in hydrogen-bonding interactions invol- 
ving Gin104. The result also suggested that the favorable 
conformation of the carbohydrate residue to parallel 
stacking with Tyr63 alone was not enough to maintain 
the strength of recognition at subsite B in HL. 

This work was supported by a grant from the Agency 
of Industrial Science and Technology, MITI, Japan. 
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