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Two complexes between rainbow trout lysozyme (RBTL) and

4-methylumbelliferyl chitobioside, 4MeU-(GlcNAc)2, and

chitotrioside, 4MeU-(GlcNAc)3, were produced by co-crystal-

lization and soaking, respectively, and the crystal structures

were solved at 2.0 AÊ resolution. The results show that 4-MeU-

(GlcNAc)3 binds in subsites A±D and that 4-MeU-(GlcNAc)2

binds in subsites B±D in the active-site cleft of RBTL. This

agrees well with earlier crystallographic studies on the binding

of oligosaccharides of chitin to RBTL, which showed that

(GlcNAc)3 binds to sites B±D in RBTL and not to A±C as seen

in the human and turkey egg-white lysozymes. For both

complexes the 4-MeU moiety in site D has diffuse electron

density and is ¯exible, as it is only bound to water molecules

and not to the protein. Since no electron density was observed

in site E, the solved structures give views of nonproductive

enzyme±substrate complexes.
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1. Introduction

In addition to being 1,4-�-N-acetylmuramidases, lysozymes

are also capable of hydrolysing chitin, the 1,4-�-linked

homopolymer of N-acetylglucosamine (GlcNAc). Fluorogenic

substrates with 4-methylumbelliferyl (4-MeU) �-glycosides of

chitin have been increasingly used for detection of chitinase

activity (O'Brien & Colwell, 1987; Hood, 1991). Only the

hydrolytic reaction at the aryl glycosidic bond between the

GlcNAc residue and the 4-MeU group is measured ¯uorime-

trically, which makes these substrates easy to use in kinetic

measurements.

Two types of lysozymes, designated I and II, were isolated

from the rainbow trout (Oncorhynchus mykiss) kidney

(Grinde, JolleÂ s et al., 1988) and the amino-acid sequences

(Dautigny et al., 1991) and crystal structure (Karlsen et al.,

1995) showed that they belong to the c-type family. It is well

known that the active site of c-type lysozymes can accom-

modate six sugar units (A±F; Phillips, 1966, 1967). Structural

studies with RBTL and a variety of oligosaccharides have

been carried out (Karlsen & Hough, 1995, 1996; Karlsen et al.,

1996) in order to obtain more information about the catalytic

mechanism, but only nonproductive binding modes in sites A±

D of the active-site cleft have been observed. The results from

these studies question whether a distorted sugar conformation

in site D is necessary for effective catalysis, as has been

proposed by Blake et al. (1967).

The ability of lysozymes to lyse bacteria has made them

commercially interesting as target enzymes in transgenic

strategies directed towards improving the immune defence of



species which are used in aquaculture. The lysozymes from

rainbow trout (RBTL) are particularly interesting for these

kinds of experiments as they show higher activity than hen

egg-white lysozyme (HEWL) against Micrococuss luteus and a

variety of pathogenic bacteria causing problems in the aqua-

culture of salmon (Grinde, Lie et al., 1988; Grinde, 1989a,b).

Furthermore, enzyme-kinetics studies have shown that RBTL

has higher catalytic activity below 293 K than HEWL, which is

appropiate to cold-adapted ®sh species (Grinde, JolleÁ s et al.,

1988).

In this paper the crystal structures of two complexes

between RBTL and 4-methylumbelliferyl chitobiose

[4-MeU-(GlcNAc)2] and 4-methylumbelliferyl chitotriose

[4-MeU-(GlcNAc)3] are presented. A schematic drawing of

4-MeU-chitobiose is shown in Fig. 1. Kinetic studies on the

binding of these compounds to the hen and turkey egg-white

lysozymes reveal both productive (B±E) and nonproductive

(A±D) binding modes (Yang & Hamaguchi, 1980), but the

nonproductive binding is dominant. The equilibrium may be

expressed as

ESnp �
KES;np

E� S�
KES;p

ESp!
k2

E� P; �1�

where ESnp and ESp represent nonproductive ES and

productive ES complexes respectively, KES,p and KES,np

represent the binding constants for formation of the nonpro-

ductive and productive complexes, respectively, and k2 is the

rate constant for the rate-limiting step. The binding constants,

KES, for 4-MeU-chitobiose and 4-MeU-chitotriose are deter-

mined to be 1.5� 104 and 5.0� 105 Mÿ1, respectively, at 298 K

and pH 5.18 (Yang & Hamaguchi, 1980). KES is given by KES =

KES,p + KES,np.

2. Materials and methods

2.1. Formation of complexes, data collection and processing

Native RBTL crystals, grown as previously described

(Karlsen et al., 1995), were soaked with 6.5 mM 4-MeU-

(GlcNAc)3 for approximately 1 d. The complex between

RBTL and 4-MeU-(GlcNAc)2 was produced by co-crystal-

lization, using the same crystallization conditions as for the

native lysozyme and a 4-MeU-(GlcNAc)2 concentration of

5 mg mlÿ1. The two oligosaccharides were purchased from

Sigma and the protein puri®ed and kindly supplied by B.

Grinde (Grinde, JolleÁ s et al., 1988).

Intensity data from the trigonal crystals of the two

complexes were measured on a FAST area detector at room

temperature using a rotating anode (40 kV, 70 mA) and

Cu K� radiation. The two data sets were collected using two

goniometer settings with a rotation of 65� in ! for each scan.

Re¯ections were measured with a crystal-to-detector distance

of 60 mm and with a width of 0.1� for each rotation image. The

program MADNES (P¯ugrath, 1989) was used during data

collection and processing, and the re¯ections were pro®le-

®tted in the program XDS (Kabsch, 1988). Merging to unique

data sets was carried out using programs in the CCP4 program

package (Collaborative Computational Project, Number 4,

1994). A summary of results from the data collections is given

in Table 1.

2.2. Structure determination

The structures of the complexes were solved by difference

Fourier methods using phases calculated from the 1.8 AÊ native

RBTL structure (Karlsen et al., 1995). All solvent molecules in

the active-site region that were expected to interact with the

substrate analogues were omitted before least-squares

re®nements were performed using PROLSQ (Hendrickson,

1985) in the CCP4 program package (Collaborative Compu-
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Figure 1
Chemical formula for 4-MeU-chitobiose.

Table 1
Statistics for the ®nal data sets and re®nement.

RBTL±4-MeU-
(GlcNAc)2

RBTL±4-MeU-
(GlcNAc)3

Space group P3121 P3121
Cell dimensions (AÊ ) a = b = 76.42,

c = 54.19
a = b = 76.69,

c = 54.71
Number of observations

22.0±2.0 AÊ ² 27802 20088
I/�(I) (22.0±2.0 AÊ )² 16.7 5.9
I/�(I) (2.1±2.0 AÊ ) 7.8 1.8
Total number of unique re¯ec-
tions (22.0±2.0 AÊ )²

11498 11445

Completeness (%)
22.0±2.0 AÊ ² 91.8 89.5
2.2±2.1 AÊ 85.8 91.5
2.1±2.0 AÊ 83.8 42.7
Multiplicity (22.0±2.0 AÊ )² 2.4 1.8
Rmerge (I) (22.0±2.0 AÊ )² (%) 3.4 10.5

Re®nement
Resolution (AÊ ) 8.0±2.0 8.0±2.0
R value³ (%) 17.5 21.1
Rfree value§ (%) 24.3 27.1
Number of atoms 1172 1196
Protein atoms 999 999
Water molecules 132 142
Ligand atoms 41 55

R.m.s deviations from ideal geometry}
Bond distance (AÊ ) 0.014 0.015
Angle distance (AÊ ) 0.037 0.040
Planar 1±4 distance (AÊ ) 0.042 0.038
Planarity (AÊ ) 0.009 0.009

Average B values (AÊ 2)
All atoms 21.0 18.9
All protein atoms 17.6 15.2
Main-chain atoms 16.5 14.7
Side-chain atoms 18.7 15.7
Water molecules 43.7 36.7
Ligand molecules 30.2 39.5

² Resolution for the RBTL±4-MeU-(GlcNAc)3 complex: 28.0±2.0 AÊ . ³ Crystallo-
graphic R factor =

P��jFoj ÿ jFcj
��=P jFoj: § R factor based on 5% randomly chosen

re¯ections. } Values from the program PROLSQ in the CCP4 package (Collaborative
Computational Project, Number 4, 1994).
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tational Project, Number 4, 1994). Difference Fourier maps,

|Fobs(complex) ÿ Fcalc(native)|, were calculated using the

CCP4 program suite and models of the oligosaccharides were

®tted to the electron density using the program O (Jones &

Kjeldgaard, 1993). The molecular templates for generating

initial coordinates of the saccharides and for setting the

restraints dictionary were constructed using the program

MacroModel (Mohamadi et al., 1990) and energy minimized

using the AMBER force ®eld with a Polak±Ribiere conju-

gated gradient. The models of the complexes were improved

during the positional re®nements by inspection and manual

adjustment on the graphics screen. Omit maps were calculated

for uncertain parts of the substrate molecules. Initially, the

individual B values were restrained to 20.0 AÊ 2 and were

re®ned only in the last cycles of re®nement. The ®nal R factors

are 17.5 and 21.1% for RBTL±4-MeU-(GlcNAc)2 and RBTL±

4-MeU-(GlcNAc)3, respectively. A summary of the ®nal

re®nement statistics for the two complexes is given in Table 1.

The PEAKMAX subroutine in the CCP4 suite was useful

for de®ning peaks in the difference maps (3� cut-off) and for

locating water molecules. A water molecule was accepted if

the identi®ed peak correlated with a separate peak in the

corresponding 2|Fo|ÿ |Fc| map, if one or more hydrogen bonds

could be formed to atoms already present in the structure and

if it was not too close (less than 2.3 AÊ ) to any other atom.

The atomic coordinates and structure factors of the two

complexes have been deposited with the Protein Data Bank.

3. Results and discussion

3.1. Quality of the structures

Ramachandran plots of the re®ned complexes between

RBTL and 4-MeU-(GlcNAc)2 and 4-MeU-(GlcNAc)3 gener-

ated by the program PROCHECK (Laskowski et al., 1993)

show that 91.1 and 89.3% of the residues, respectively,

excluding glycines and prolines, are in the most energetically

favoured regions. The remaining residues, found in additional

allowed areas, are all located in ¯exible loops on the surface of

the protein. For the complexes with 4-MeU-(GlcNAc)2 and 4-

MeU-(GlcNAc)3, only ten and seven amino acids, respectively,

have �1 and �2 side-chain torsional angles deviating more than

2.5 standard deviations from ideal geometry.

Three of these side chains (Asn46, Asp101

and Asn103) are involved in the hydrogen-

bonding network between the lysozyme and

the bound sugar ligand.

The mean error in atomic position was

estimated using the method of Luzzati

(1952) and is 0.20±0.25 AÊ for RBTL±4-

MeU-(GlcNAc)2 and 0.25±0.30 AÊ at high

resolution for RBTL±4-MeU-(GlcNAc)3.

3.2. Binding of ligands to RBTL

As is the case at native and previously

solved structures of oligosaccharide

complexes of RBTL (Karlsen & Hough,

1995, 1996; Karlsen et al., 1995, 1996), the

most poorly de®ned residues in the present

complexes are lysine, arginine, glutamine

and aspargine side chains which lie on the

surface of the protein molecule. In the

active-site cleft of the lysozyme, well de®ned

electron density is found for all residues that

interact with the two oligosaccharides.

Final difference (2|Fo| ÿ |Fc|) maps based

on the re®ned structures of the complexes

clearly show electron density for the 4-MeU-

(GlcNAc)2 and 4-MeU-(GlcNAc)3 mole-

cules bound in subsites B±D and A±D of the

active-site cleft of RBTL, respectively

[4-MeU-(GlcNAc)3 is shown in Fig. 2]. In

Fig. 3 a ribbon and ball-and-stick presenta-

tion of the RBTL±4-MeU-(GlcNAc)3

complex can be seen. The oligosaccharides

bind to the cleft in an extended conforma-

tion with the pyranose rings in chair

conformations. The sugar ring in site A,

Figure 3
Ribbon drawing (BOBSCRIPT; Esnouf, 1997) of RBTL with 4-MeU-(GlcNAc)3 bound in the
active-site cleft. The ligand is represented by a ball-and-stick model.

Figure 2
Electron-density map (2|Fo| ÿ |Fc|, 1� level) showing the ®nal re®ned model of 4-MeU-
(GlcNAc)3 in subsites A±D of the active-site cleft of RBTL. The protein is marked with thin
lines and the oligosaccharide with thicker lines. The ®gure was generated using BOBSCRIPT
(Esnouf, 1997).



however, shows some deviation from the ideal chair confor-

mation, probably due to diffuse electron density and distortion

caused in the re®nement process. The torsion angles, ' and  ,

for the bound 4-MeU-chitotriose ligand about the glycosidic

A±B linkage are ÿ70 and ÿ109�, respectively, and ÿ73 and

ÿ112�, respectively, about the B±C linkage. ' and  are the

torsion angles about C(1)ÐO(40) and O(40)ÐC(40) de®ned by

O(5)ÐC(1)ÐO(40)ÐC(40) and C(1)ÐO(40)ÐC(40)ÐC(50),

respectively (Mo & Jensen, 1978). As the observed ' range is

ÿ71 toÿ96� and the  range isÿ127 toÿ164� for undistorted

linear polysaccharides (Jeffrey, 1990), the only value within

this range is the ' angle between subsites B and C. The ' angle

(ÿ80�) between the two GlcNAc units in sites B±C in 4-MeU-

chitobiose also falls within the observed ' range, but the  
value (ÿ115�) is lower than observed for extended oligo-

saccharides (Jeffrey, 1990).

For both complexes the 4-methyl-umbelliferyl moiety is

bound in subsite D, but, as shown in Fig. 2, the electron density

is slightly diffuse. It was necessary to rotate the 4-MeU-moiety

about 180� from the energy-minimized model which was used

as a starting template. The N-acetylglucosamine rings of 4-

MeU-chitobiose and 4-MeU-chitotriose are bound as seen

previously for the complexes between RBTL and chitin

oligosaccharides (Karlsen & Hough, 1995). 4-MeU-(GlcNAc)2

is bound in subsites B ±D and not in A±C as seen for chito-

triose bound to the hen egg-white (Cheetham et al., 1992),

turkey egg-white (Harata & Muraki, 1997) and partridge egg-

white (Turner & Howell, 1995) lysozymes. Thus, in RBTL,

sites B±C are preferred as binding sites over sites A±B.

No electron density was observed in subsite E, thus indi-

cating a nonproductive binding mode for the 4-methyl-

umbelliferone glycosides of the N-acetyl-glucosamine

oligosaccharides. This observation is consistent with kinetic

studies, which showed that 4-MeU-(GlcNAc)2 and 4-MeU-

(GlcNAc)3 bind mainly in nonproductive modes to sites B±D

and A±D, respectively (Yang & Hamaguchi, 1980).

A comparison of the native RBTL structure with the

complexes shows that seven and ten water molecules are

displaced upon binding of 4-MeU-(GlcNAc)2 and 4-MeU-

(GlcNAc)3 to RBTL, respectively.

3.3. RBTL±ligand interactions

Detailed views of hydrogen-bonding interactions between

the rainbow trout lysozyme, bound water molecules and the

two 4-methylumbelliferyl chito-oligosaccharides are shown in

Figs. 4(a) and 4(b). For the 4-MeU-(GlcNAc)3 complex, the N-

acetyl-glucosamine ring bound to site A lies almost on the

surface of the active-site cleft and has only one hydrogen-

bonded interaction with the protein (oxygen in the acetamido

group and Asp101 OD2), but shows interactions with three

water molecules (259, 261 and 273).

In both complexes the solvent-exposed N-acetyl side chain

of the sugar moiety in subsite B is hydrogen bonded to the

ND2 atom of Asn103 (Figs. 4a and 4b). The second hydrogen

bond to the protein in this site is observed between the O atom

in the hydroxymethyl group in the pyranose ring and

Asp101 OD2. The other major binding interaction for site B is

the extensive non-polar contact between the apolar face of the

GlcNAc ring and the side chain of Tyr62. It has been suggested

that such van der Waals contacts are characteristic of many

sugar-binding proteins and are a source of substrate selectivity

(Quiocho, 1986). The planes of these two rings are almost

parallel and are separated by approximately 4 AÊ . This large

hydrophobic stacking interaction, in addition to the extra

hydrogen bond between the sugar and the protein in site B

compared with site A, may explain why the

binding energy seems to be higher for site B

(see review by Imoto et al., 1972). The

GlcNAc ring in site B is also hydrogen

bonded to three water molecules (149, 151

and 261) in the complex with 4-MeU-

(GlcNAc)3 and three (147, 148 and 246) in

the complex with 4-MeU-(GlcNAc)2.

Previously solved crystal structures of

complexes between various saccharides and

lysozymes have shown site C to be the most

preferred binding site (Karlsen & Hough,

1995; Strynadka & James, 1991; Cheetham et

al., 1992). There are more hydrogen-bonded

sugar±protein interactions, particularly for

the buried 2-acetamido group, in this site

than in the other sites. The binding mode of

the GlcNAc ring in site C of 4-MeU-

(GlcNAc)2 and 4-MeU-(GlcNAc)3 is similar

to that observed previously in other lyso-

zyme±oligosaccharide complexes. The buried

2-acetamido group interacts with the main-

chain CO group of Ala107 and Asn59 NH.

For both complexes, the NE1 in the plane of
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Figure 4
Hydrogen-bonding interactions between (a) 4-MeU-(GlcNAc)2 and (b) 4-MeU-(GlcNAc)3

and RBTL. The complexes are illustrated with ball-and-stick models and the hydrogen bonds
are shown by dotted lines. The ®gures were generated by using the program BOBSCRIPT
(Esnouf, 1997).
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the tryptophan ring of residue 63 is orientated perpendicular

to the polar face of the GlcNAc ring and makes a hydrogen

bond with a exocyclic O atom of the sugar. The O atom in the

hydroxymethyl group of the pyranose ring is hydrogen bonded

to the the hydroxyl group of Tyr62 in the complex between

RBTL and 4-MeU-(GlcNAc)2, a contact that may position the

tyrosine ring in the correct orientation for interactions with

the pyranose ring in site B.

The observations that (GlcNAc)2, (GlcNAc)3 (Karlsen &

Hough, 1995) and 4-MeU-(GlcNAc)2 bind in subsites B±D of

RBTL and not in A±C, as observed for the hen, partridge and

turkey egg-white lysozymes (Cheetham et al., 1992; Turner &

Howell, 1995; Harata & Muraki, 1997), could be explained

from the fact that residue 62 is a tyrosine in RBTL and not a

tryptophan as in the other mentioned lysozymes. It is possible

that in RBTL the tyrosine ring, which is smaller than the

tryptophan, makes less extensive van der Waals contacts with

the sugar ring in the B site. One consequence might be that the

pyranose ring is more weakly bound in site B of RBTL than in

the other c-type lysozymes, and the oligosaccharides might be

forced into site C, which is, as mentioned above, a much better

binding site than site A.

In both complexes, the 4-MeU ring bound in site D is not

hydrogen bonded to the protein but shows interactions with

water molecules. In the RBTL±4-MeU-(GlcNAc)3 complex,

the exocyclic O atom is bound to waters 219 and 247 (see

Fig. 4b), and in the RBTL±4-MeU-(GlcNAc)2 complex,

hydrogen bonds are seen to water 266 (see Fig. 4a). For both

complexes, no hydrogen bonds are seen to Glu35 and Asp52,

which are supposed to play an important function in the

catalytic mechanism (Blake et al., 1967).

This is not surprising, taking into consid-

eration the observation that the 4-MeU

ring is ¯at and not puckered like the

GlcNAc unit in the natural lysozyme

substrate.

3.4. Comparison of binding modes

A superimposition of the complexes

between RBTL and 4-MeU-(GlcNAc)2

and 4-MeU-(GlcNAc)3 (Fig. 5a) shows

that the oligosaccharides bind in the same

way to the active-site cleft. The binding

mode of the saccharide in subsite B is

somewhat different, which may be a

consequence of the lack of binding of a

saccharide to site A for 4-MeU-

(GlcNAc)2. Fig. 5(a) also shows that the

residues in the active-site cleft which

interact with the sugars have similar

conformations in the two complexes.

The binding modes of 4-MeU-chito-

triose and chito-tetraose (Karlsen &

Hough, 1995) were also compared (Fig.

5b) and are found to be very similar. As

the 4-MeU ring is planar while the

GlcNAc unit has a chair conformation,

the binding modes and interactions in

subsite D are different. The bacterial

metabolite bulgecin, shown in Fig. 6,

binds to subsites C and D in a similar way

to 4-MeU-(GlcNAc)3 (Fig. 5c), with its

proline ring bound to site D. The taurine

moiety of bulgecin binds to the left side of

the active cleft of RBTL, where it inter-

acts with Asn46 and Thr47 (Karlsen &

Hough, 1996).

3.5. The ¯exibility of the complexes

As seen in Table 1, the average

temperature factors for RBTL±4-MeU-

Figure 5
All ®gures were generated using BOBSCRIPT (Esnouf, 1997). (a) A superimposition of 4-MeU-
(GlcNAc)2 (blue) on 4-MeU-(GlcNAc)3 (red) in the active-site cleft of RBTL. The protein models
in the former and latter complexes are coloured green and purple, respectively. (b) A
superimposition of RBTL±4-MeU-(GlcNAc)3 (purple/red) and RBTL±(GlcNAc)4 (green/blue)
(Karlsen & Hough, 1995). (c) A superimposition of RBTL±4-MeU-(GlcNAc)3 (purple/red) and
RBTL±bulgecin (green/blue) (Karlsen & Hough, 1996).



(GlcNAc)2 and RBTL±4-MeU-(GlcNAc)3 are 16.5 and

14.7 AÊ 2 for main-chain and 18.7 and 15.7 AÊ 2 for side-chain

atoms, respectively. The corresponding values for the native

enzyme are 22.0 and 26.9 AÊ 2 (Karlsen et al., 1995), indicating

that the complexes are less ¯exible than the native structure.

This trend can also be seen in Fig. 7, where the average

temperature factors for the main-chain atoms are plotted as a

function of the residue number of the two complexes and the

native RBTL. As data for the native structure were collected

on an R-AXIS image plate (Karlsen et al., 1995) and data for

the complexes on a FAST system (both at room temperature),

differences in ¯exibility might be due to differences in the

data.

The temperature-factor plot shows that in common with the

native structure, the areas that exhibit the highest ¯exibility

are found in the external loops from residues 45±50, which

form a �-bend in the three-stranded �-sheet area, residues 62±

75, in a long coiled loop, and residues towards the C terminus.

These loops also show the greatest deviation between the

native and complexed RBTL structures. The r.m.s. deviations

between native RBTL and RBTL complexed with

4-MeU-(GlcNAc)2 and 4-MeU-(GlcNAc)3 are 0.42 and 0.67 AÊ

for all atoms, respectively, showing that the latter complex

deviates most from the native structure. The region with the

most striking differences in main-chain position is the loop

consisting of residues 70±75, which is located on the surface of

the protein. This loop becomes less ¯exible and shifts towards

the active site where it anchors Trp62, which interacts with the

saccharide unit in subsite C. The interactions between Asn44

and Asn46 in RBTL and the oligosaccharides also make the

residue 44±50 loop less ¯exible in the complexes.

Table 1 shows that the average temperature factors for

4-MeU-(GlcNAc)2 and 4-MeU-(GlcNAc)3 are 30.2 and

39.5 AÊ 2, respectively, indicating that the latter oligosaccharide

is more loosely bound than the former. The differences in the

B factors could be due to differences in occupancies. As the

complexes between RBTL and 4-MeU-(GlcNAc)2 and

between RBTL and 4-MeU-(GlcNAc)3 were made by co-

crystallization and soaking, respectively, it seems reasonable

that the occupancy of the saccharide in the latter complex

might be lower than for the former complex. Table 2, which

gives a survey of the average temperature factors for the two

oligosaccharides bound to the active-site cleft, shows that the

sugar in site A is most loosely bound to the protein. As

previously observed in oligosaccharide±lysozyme complexes

(Karlsen & Hough, 1995), site C is the most speci®c and

preferred binding site, but subsite D seems to be quite ¯exible.

This is not surprising, as earlier observations have shown that

the 4-MeU moiety is only bound to water molecules and not to

protein atoms which can stabilize the enzyme±substrate

complex.

4. Concluding remarks

It has been well known for a long time that lysozymes cleave

the glycosidic bond between saccharides bound to subsites D

and E in the active-site cleft (Blake et al., 1967). The

4-methylumbelliferyl glycosides of chitin are used as

substrates in lysozyme assays (O'Brien & Colwell, 1987; Hood,

1991), indicating that the glycosidic bond between GlcNAc

and 4-MeU is broken. Based on these facts, one might expect

the 4-methylumbelliferone glycosides of N-acetylglucosamine

to bind with the 4-methylumbelliferyl part in site E.

The results from the crystallographic studies of the

complexes between RBTL and 4-MeU chitobiose and chito-

triose clearly show electron density in sites B±D and A±D,

respectively. Thus, the saccharides have the same nonpro-

ductive binding mode as previously observed for complexes

between RBTL and oligosaccharides of chitin (Karlsen &

Hough, 1995). Our crystallographic results con®rm the results

from kinetic studies by Yang & Hamaguchi (1980), showing

that 4-MeU-(GlcNAc)2 and 4-MeU-(GlcNAc)3 bind mainly to
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Table 2
Average temperature factors for 4-MeU-(GlcNAc)2 and 4-MeU-
(GlcNAc)3 bound in the active-site cleft of RBTL.

Binding site
4-MeU-(GlcNAc)2

Baverage (AÊ 2)
4-MeU-(GlcNAc)3

Baverage (AÊ 2)

A Ð 42.8
B 25.3 37.1
C 24.2 35.7
D 41.8 42.6

Figure 6
Chemical formula for bulgecin.

Figure 7
Variation in isotropic temperature factors B (AÊ 2) averaged over main-
chain atoms along the polypeptide chain for native RBTL (green line)
and RBTL in complex with 4-MeU-(GlcNAc)2 (red line) and with 4-
MeU-(GlcNAc)3 (blue line).
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subsites B±D and A±D, respectively. Thus, the equilibrium in

equation (1) lies far to the left, towards the nonproductive

ESnp complex. Time-resolved experiments at low temperature

will hopefully make it possible to `catch' the productive ES

complex before dissociation.
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