Biochemistry2001,40, 5665-5673 5665

Crystal Structure of the Lytic Transglycosylase from Bacteriophage Lambda in
Complex with HexalN-acetylchitohexaodé

Adelaine K.-W. Leund, Henry S. Duewel,John F. Honek,and Albert M. Berghuis®

Antimicrobial Research Centre and Department of Biochemistry, McMasterelsity, Hamilton, Ontario L8N 3Z5, Canada,
and Department of Chemistry, Umrsity of Waterloo, Waterloo, Ontario N2L 3G1, Canada

Receied December 11, 2000; Reed Manuscript Receeéd March 8, 2001

ABSTRACT: The three-dimensional structure of the lytic transglycosylase from bacteriophage lambda, also
known as bacteriophage lambda lysozyme, complexed to the hexasaccharide inhibitoN- hexa-
acetylchitohexaose, has been determined by X-ray crystallography at 2.6 A resolution. The unit cell contains
two molecules of the lytic transglycosylase with two hexasaccharides bound. Each enzyme molecule is
found to interact with foulN-acetylglucosamine units from one hexasaccharide (subsitd3)Aand two
N-acetylglucosamine units from the second hexasaccharide (subsites E and F), resulting in all six subsites
of the active site of this enzyme being filled. This crystallographic structure, therefore, represents the first
example of a lysozyme in which all subsites are occupied, and detailed protigjasaccharide interactions

are now available for this bacteriophage lytic transglycosylase. Examination of the active site furthermore
reveals that of the two residues that have been implicated in the reaction mechanism of most other c-type
lysozymes (Glu35 and Asp52 in hen egg white lysozyme), only a homologous Glu residue is present.
The lambda lytic transglycosylase is therefore functionally closely related tBgbleerichia coliSIt70

and SIt35 lytic transglycosylases and goose egg white lysozyme which also lack the catalytic aspartic
acid.

Lysozymes are widely distributed in nature and function Escherichia coli.One soluble (SIt70) and five membrane-
to cleave the glycan chains of the bacterial peptidoglycan bound (MItA—D and EmtA) lytic transglycosylases have
betweenN-acetylmuramic acid (MurNAé&)and N-acetyl- been identified irE. coli, and homologous genes have been
glucosamine (GIcNACc) residueg,(2). The lysozyme from identified in many other bacteria7r{16). A number of
bacteriophage lambda [lambda lysozyme (Lal)] is the late important physiological roles have been suggested for these
gene product of the lambd®& gene 8—5). Unlike other bacterial lytic transglycosylases and include peptidoglycan
lysozymes, however, this enzyme does not produce aconstruction and renovation as well as bacterial pore creation
reducing end upon cleavage of the peptidoglycan but rather(2, 16, 17).
utilizes the 6-OH of the same MurNAc residue to produce a  In addition to the obvious mechanistic concerns as to how
1,6-anhydromuramic acid terminal residu®). (Hence, the  these enzymes accomplish the transglycosylation reaction
bacteriophage lambda lysozyme is a lytic transglycosylase.compared to the hydrolytic reaction catalyzed by “standard”
An identical 1,6-anhydro bond is formed in bacterial pep- lysozymes, the 1,6-anhydro-containing peptidoglycan frag-
tidoglycan by the action of the lytic transglycosylases from ments themselves have generated much interest. The etio-
logical agent of whooping cougtBordetella pertussisre-
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Recently, additional structures have been determined withrequired amount of solid (GIcNAgjo the desired concentra-
peptidoglycan fragments cocrystallized in the active site of tion with the samples.

these two enzymes28, 29). These studies have helped Crystallization On the basis of the results of the chemical
elucidate the molecular interactions between the oligosac-modification experiments, possible crystallization conditions
charide and enzyme, and have helped to define the numbeifor LaL-(GIcNAc), (n = 4—6) complexes were surveyed by
and location of each saccharide subsite in each lytic the hanging drop vapor diffusion technique using a com-
transglycosylase. Although the determination of the crystal mercially available sparse matrix screening proced8ge (
structure of the bacteriophage lambda lytic transglycosylase36;, Hampton Research). While several promising conditions
has remained enigmatic, a derivative of LaL (mLaL for were found in this manner, crystals thus obtained suffered
modified LalL) wherein all tryptophan residues have been from severe twinning. Further refinement of crystal growth
replaced with 7-azatryptophan has allowed for the formation conditions (e.g., alterations in precipitant concentration, pH
of crystals suitable for successful structure determina86n ( of the buffer, and/or additives) did not dramatically improve
31). However, to date, no structure has been determined forthe quality of the crystals. However, the twinning could be
a cocrystal of LaL with a saccharide, preventing the reduced to acceptable levels (i.e., separation between split
elucidation of the exact nature of the saccharigeotein reflections was less than E)5when using a microdialysis
interaction for this phage lytic transglycosylase and of the crystallization procedure. Therefore, crystals suitable for
detailed conformational changes that occur in LaL upon X-ray crystallographic analysis were obtained by preincu-
saccharide binding. bating a concentrated solution of LaL (10 mg/mL) in the

Herein, we report our recent success in the determinationpresence of a 5-fold molar excess of (GIcNAG uL of
of the Crysta| structure of an o|igosaccha|=idmcteriophage this protein solution was then deposited in the depression of
lytic transglycosylase complex which now allows for the @ microdialysis button (Hampton Research) and sealed with
elucidation of the precise molecular interactions between the & dialysis membrane. This microdialysis button was subse-
saccharide and wild-type phage enzyme. Fortuitously, the quently immersed in a solution containing 0.1 M sodium
structure that has been determined contdihacetylglu-  acetate (pH 4.6), 0.1 M ammonium sulfate, and 20% (w/v)
cosamine units in all of the six subsites of the enzyme. Until PEG 2000 MME and allowed to equilibrate. Using this
now, the only structure of a lysozyme which contained six Procedure, crystals grew within 1 week to an average size
saccharide units was that of human lysozyme determinedof 0.5 mmx 0.2 mmx 0.2 mm.
by Song and co-workers3®). However, in the human Data Collection and Processing\ nearly complete 2.6
lysozyme-oligosaccharide complex, subsites E and F are A resolution data set was collected from one single crystal
actually empty and the two saccharide units are only bound on a Rigaku Raxis IIC area detector mounted on a Rigaku
close to these two subsites. Thus, our results finally provide RU200 rotating anode operating at 50 kV and 60 mA, and
a detailed view of this complex. In addition, the structure of equipped with Supper double focusing mirrors. To prevent
the oligosaccharidebacteriophage lytic transglycosylase decay, the crystal was flash-frozen and data collection was
complex also sheds light on the structural basis for this performed at an ambient temperature-df70°C. Processing
enzyme catalyzing a transglycosylation instead of a hydroly- of the diffraction images was performed using the Denzo/

sis reaction. Scalepack software packad). Analysis of the diffraction
images revealed that the LEGICNAC)s crystal belonged
EXPERIMENTAL PROCEDURES to orthorhombic space grolg®,2;2; with the following cell

dimensions:a = 57.3 A,b = 61.1 A, andc = 1225 A

Materials All materials used were of the highest grade Given this information, and the molecular weight of the
commercially available and were used without further protein, it was deduced that the crystallographic asymmetric
purification. Oligosaccharides of GIcNAc were purchased ynit contained two protein molecule88). The mosaicity
from Siekagaku America, Inc. (Rockville, MD). 1-Ethyl-3-  of the measured reflections was relatively large {t.2
[3-(dimethylamino)propyl]carbodiimide (EDC) was from however, this was a direct consequence of the minor twinning
Sigma. Polyethylene glycol 2000 monomethyl ether (PEG present in the crystal. Pertinent statistics related to data
2000 MME) was purchased from Fluka. Recombinant LalL processing are given in Table 1.
used for the chemical modification and crystallization  structure Determination and Refinemefibe structure of
experiments was obtained according to procedures previouslyhe LaL:(GIcNAc)s complex was determined by molecular
described §3, 34). replacement with X-PLORR0), using the coordinates of the

Chemical ModificationIn a typical experiment, LaL (90  mLaL enzyme 80) (PDB entry 1AM7). Two solutions from
uM) was incubated in the presence of-2E00 mM EDC in the rotation search, corresponding to the orientations of the
100 mM MES (pH 5.8) at 28C for various times. Identical ~ two molecules in the asymmetric unit, were readily found.
controls lacking the modifying agent were also prepared. At The translation search also gave unequivocal solutions which
various time intervals, aliquots (&) were diluted with 998 agreed with reasonable packing constraints. Subsequently,
uL of stabilizing buffer [L00 mM potassium phosphate (pH reciprocal space restrained refinement of the structure and
7.0), 0.5 M KCI, and 20% (v/v) glycerol]. Immediately periodic real space inspection along with manual intervention
following dilution of the aliquots, an aliquot from the diluted were performed with X-PLOR and O, respectived@,40).
sample (4ul) was assayed using the turbidimetric assay as At the start of the refinement process, electron density for
described previously3@). The background level of lysis of  the (GIcNAc) inhibitor could be identified in the active site
the substrate cells (blank) was determined using only of each LaL molecule in the asymmetric unit (Figure 1).
stabilizing buffer. Protection of LaL from EDC-mediated However, a cautious approach was taken when modeling the
inactivation by (GIcNAc) was achieved by inclusion of the  sugar moieties into the density, and only gradually were
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Table 1: Data Processing and Structure Refinement Statistics

resolution (A) 4.6-2.6 2.7-2.6
completeness (%) 92.0 55.3
redundancy 7.7 1.2
Rmerge((%))a 118 507
no. of atoms
protein 2450
(GlcNACc)s 170
sulfate ion 20
solvent 31
average temperature factorgA
protein monomer A 29
protein monomer B 31
(GIcNACc)s molecule | 23
(GIcNAc)s molecule 11 36
rmsd from ideality
bond lengths (A) 0.005
bond angles (deg) 1.2
FloF =0 FloF =2 FloF =2
no. of reflections 11803 10883 9906
completeness (%) 92.0 84.3 76.7
R-factor (%} 23.2 21.4 20.7
Riree (%0)° 30.4 28.6 27.8

@ Rmerge= 100 x Y [I; — OOVY |li|, wherel; is the observed intensity
and[Ilis the average intensity calculated from multiple observations.
b R-factor= 100 x 3 |F, — F¢|//3|Fol, whereF, andF; are the observed
and calculated structure factor amplitudes, respectivd®ye. is an
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oligosaccharides can interact with LaB3 34, 44). Ad-
ditional evidence for active site binding was sought prior to
crystallization attempts. The involvement of carboxyl groups
in the catalytic mechanism of LaL was investigated with the
carboxyl group-specific water-soluble carbodiimide EDC
(45). LaL was incubated with the reagent at pH 5.8 in the
absence of an added nucleophile, and residual activity over
time was determined by monitoring the bacteriolytic activity
of LaL using the turbidimetric assay described previously
(33). EDC resulted in time- and dose-dependent inactivation
of LaL. Semilogarithmic plots of the time course of inactiva-
tion of LaL by various concentrations of EDC (ranging
between 25 and 100 mM) were linear, indicating that the
inactivation obeys pseudo-first-order kinetics (data not
shown). A second-order rate constant of 0.33'khin~* was
determined from a plot of the pseudo-first-order rate
constantsKy,9 versus EDC concentration (not shown). The
order of inactivation with respect to EDC concentration was
determined by the method of Levy et algj to be 1.2. The
results indicate that an average of one molecule of carbo-
diimide binds to one molecule of LaL to effect inactivation
and, because of the enhanced reactivity with carboxyl groups,
suggest the possibility that a key Glu or Asp residue is being
modified which results in enzyme inactivation.

R-factor which was calculated using 10% of the data, chosen randomly ~ To determine if the carboxyl groups modified by EDC

and omitted from refinement.

are located in the active site of LaL, modifications were also
performed in the presence of chitooligosaccharides. The

individual N-acetylglucosamine groups added to the structure. effect of oligosaccharide protection on LaL inactivation by
During the initial stages of refinement, four loop regions were epc js illustrated in Figure 2. The di- and trisaccharides
also deleted from the model, based on poor agreement with\yere equally and only minimally effective in preventing

sigma-A weighted electron density mapkl), These four
regions were residues 550 and 129-138 in the two LalL

inactivation by EDC. Under the conditions that were
examined, the values df,s in the presence of 20 mM

molecules. As refinement progressed, these residues wergg|cNAc), and (GIcNAc) are~1.25 x 102 min~%, which

After the protein and inhibitor structures were essentially mined in the presence of 50 mM EDC only (1.58102

completed, a limited number of ordered solvent molecules min~1). However, a substantial improvement in protection
were modeled. The criteria used for inclusion of solvent \yas observed when inactivation was conducted in the
molecules were the presence of electron density upon visualpresence of 20 MM (GIcNAGYKes ~ 0.10 x 1072 min~Y)
inspection (in both sigma-A weightdd, — F. and F, — or (GIcNAC) (Keps ~ 0.05 x 1072 min~Y), the rate of

F. maps), refinement of thermal factors to reasonable values,jnactivation decreasing by approximately 95% in the presence
formation of stereochemically acceptable hydrogen bonding of each. Therefore, the tetra- and pentasaccharide, either
interactions, and no increase Riee (to avoid overfitting  gjrectly or indirectly by inducing conformational changes,
during refinement of the structur_e; see Tz_ible 1). On the bas'sprevent the access of EDC to a particular region(s) of the
of thermal factors, the chemical environment, and the enzyme in which are located one or more specific acidic
composition of the crystallization solution, four of these (esjdues that are important for the enzyme’s bacteriolytic
solvent molecules were aftgrward identified as sulfate ions, activity. As indicated by the selective protection, part of this
and thus so modeled. Refinement of the model was CON-pinding region, which is not occupied by (GIcNAd)ut is
cluded when addition of solvent molecules and/or further it (GIcNAc), and higher oligomers, appears to contain a
refinement resulted in an increase Riee (42). This final  fynctionally important glutamyl or aspartyl residue. The
model is in good agreement with expenm(_ental data, as judgediyolvement of Glu19 in the mechanism of LaL has been
by the Rfactor and Ry values, and displays excellent jmpjicated by mutations at this positiod?). If it is assumed
stereochemistry as evaluated by the program PROCHECK 3t Glu19 acts as the general acid, then, in analogy to Glu35
(43); e.g., 88.3% of the residues occupy the most favored iy hen egg white lysozyme (HEWL) and other glycosylases,
regions of the Ramachandran plot, and none are in generouslypig group should have an elevatel.go fulfill this role
aIIoweq or disallowed regions. Detailed statistics pertaining (48). The observed order of inactivation by EDC of 1.2
to the final model are given in Table 1. reflects possible modification primarily of this assumed
catalytic general acid. These solution results are entirely
compatible with the overall binding interactions seen in the
crystal structure of the LalGIcNAc)s complex (see below).

RESULTS

Chitooligosaccharide Protection of Carboxyl Modification

Previous investigations utilizing differential scanning calo-
rimetry, 'H, 3C, and°F nuclear magnetic resonance, and
inhibition of bacterial lysis by LaL have shown that chito-

Overall Structure of the Lal{(GIcNAc)y Complex The
LaL+(GlcNAc)s complex crystallizes with two molecules per
asymmetric unit in space group2:2,2; (Figure 1). The
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Ficure 1: Electron density map for the hexasaccharide. Shown is F3e-2F. electron density prior to modeling in the two heiXa-
acetylchitohexaose moieties and contoured at.1IStiperimposed on the electron density map is also shown the final refined hexasaccharides
and a Ribbons representation of the two LaL monomers present in the asymmetric unit. This figure was produced using5&jbbons (
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Ficure 2: Protection of LaL from EDC inactivation by (GIcNAc)
LaL (1.6 mg/mL) was treated with EDC (50 mM) in the absence
and presence of 20 mM (GIcNAgcas indicated in 100 mM MES
(pH 5.8). At the indicated times, samples were removed from the
reaction mixtures, diluted with stabilizing buffer, and immediately
assayed for residual activity.

backbones of the two molecules, A and B, are similar with ) )
an rmsd of 0.39 A (616 atoms used in the calculation). The F'SURE 3:  Domain structure of the Lal (monomer). In this

in deviai I dinthe | . h .~ schematic Ribbons diagram, the upper domain is shown in aqua
main deviations are located in the loop regions on the protein 5nq the lower domain of the protein in yellow. Furthermore,

surface. Also, the thermal factors for both molecules are secondary structure elements are labeled and the catalytic glutamate
similar, suggesting that conformational artifacts due to crystal is shown. Also displayed are the saccharide moieties of the two
packing interactions are likely absent. (GlcNAc)s molecules which bind to the LaL monomer. This figure
. . . . was produced using Ribbon§4).

LaL is divided into a lower and an upper domain (Figure
3). The lower domain (residues—¥0) contains one helix  thermal factors, it is the most flexible section within the
(oil) and an antiparallel four-strandg@esheet 2—31—5— folded proteir-oligosaccharide complex. After strarit,
f6). The protein backbone after strgf@ continues outside  the backbone continues to become str@adof the four-
the g-sheet and forms an additional two-stranded hairpin stranded3-sheet. The upper domain of LaL (residues-71
[-sheet $3—[4). This two-stranded hairpjftsheet istermed  154) is composed of fivex-helices (2—a6). Between
the lower lip of the active site, and on the basis of the refined heliceso5 anda6, there is an 18-residue loop, part of which
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Ficure 4: Structural comparison between LalL and mLalL. Shown
are the least-squares superimposed t€ces for the crystallo-
graphically independent A and B molecules of LaL in light and

Biochemistry, Vol. 40, No. 19, 2005669

of the upper lip is such that the active site of the enzyme is
wide open. In comparison, residues 1239 in the Lal:
(GIcNAc)s complex have moved toward the active site of
the enzyme, thereby partially covering the bound substrate.
The shift made by the tip of the upper lip is approximately
12 A, and the rmsd for the main chain atoms of the upper
lip is on the order of 7.7 A (using 52 atoms in the
calculation).

Intriguingly, enzyme molecule B in the mLaL structure
possesses an upper lip loop conformation which is very
similar to that of the substrate-bound conformation [rmsd
of ~1.4 A between mLaL-B and the LaL-A/BGIcNAC)s
complex for residues 127139]. This observation may
suggest that in the absence of bound substrate the upper lip
is highly mobile and can occupy several conformations, one
of them resembling the substrate-bound conformation. How-
ever, when the substrate binds, the degrees of freedom for
this polypeptide segment are dramatically reduced, resulting
in the single conformation seen in the two crystallographi-
cally independent Lai(GIcNAc)s complexes. Alternatively,
it is also possible that the upper lip conformation seen in
mLalL-B is an artifact produced by crystal packing and that
under physiological conditions this loop region is positioned

dark purpie, respectively, and the crystallographically independent SUcCh that the active site is always able to accept a substrate.

A—C molecules of mLaL in bright, medium, and dark yellow,

Interactions of the N-Acetylglucosamine Hexamer with

respectively. Also shown are the six saccharide residues that bindLal. Each N-acetylglucosamine hexamer (GIcNAc)s

to the LaL monomer. The orientation of the enzymes is slightly

rotated around the vertical axis when compared to Figure 3 so as

to highlight the different conformations of the upper lip in the LaL

straddled between two LalL molecules in the crystal structure,
having four of its saccharide units bound to one enzyme

and mLaL monomers. This figure was produced using Ribbons Molecule, and the remaining two units bound to a noncrys-

(54).

tallographically related neighboring LaL molecule. From the
perspective of the LaL enzyme, four of its six subsites

covers the active site and is termed the upper lip (residues(A—D) are occupied by four units of onbl-acetylglu-

127-139).

The active site of LalL is a deep elongated cleft located
between the lower and upper domains. Traditionally, the
active sites of lysozymes are divided into six subsitesFA
[or subsites—4 to 2, respectively, using the recently proposed
nomenclature 49) for sugar-binding subsites in glycosyl-
hydrolases]. In the Lal(GIcNAc)s complex, each of these
six subsites is occupied by one GIcNAc unit. Four GIcNAc
units from one hexasaccharide bind to subsitesDA
(subsites—4 to —1, respectively), while two GIcNAc units

cosamine hexamer, and subsites E and F are utilized by two
units of a noncrystallographically relateM-acetylglu-
cosamine hexamer. Intriguingly, when comparing the H-bond
and van der Waals interactions between the saccharide and
enzyme in the two crystallographically independent LalL
molecules, we observed that they are similar, but not
identical. Figure 5 and Table 2 provide a comprehensive
overview of saccharideenzyme interactions as seen in the
crystal structure, and some of these interactions will be
highlighted below.

from another hexasaccharide occupy subsites E and F As expected, th&l-acetylglucosamine units located at the

(subsites 1 and 2, respectively) (see below).

Comparison between the LgIGIcNAc) Complex and
mLaL The structure of mLaL determined by Evrard and co-
workers contains three molecules per asymmetric G, (

while the structure presented here provides two crystallo-

graphically independent views of the Labligosaccharide

two extremities of the hexasaccharide binding site, i.e.,
(GIcNAc)a and (GIcNAc), only form van der Waals
interactions with the LaL enzyme. The indole ring of Trp73
makes stacking interactions with (GlcNA@nd (GIcNAc}.

In addition to the stacking interactions, (GlcNAdinds to
subsite C with a characteristic hydrogen bonding network

complex. As shown in Figure 4, the differences between the between its 2-acetamido group and the backbone segments

LaL-(GlcNAc)s complex and mLaL are concentrated in an
area adjacent to where in the L4GIcNAc)s complex the

of LaL, an interaction common to most lysozyme structures
(48). This typical hydrogen bonding network involves the

saccharide is located. Therefore, it can be concluded thatmain chain atoms of the protein acting like a clamp to interact
the replacement of tryptophan residues with 7-azatryptophanwith the 2-acetamido group from opposite sides. In LaL, the
does not affect the fold of LaL and that differences between oxygen atom of the 2-acetamido hydrogen bonds with the

the Lal:(GIcNAc)s complex and mLaL reflect differences
caused by substrate binding.

amino group in Leu70 while the nitrogen atom of the
2-acetamido interacts with the carbonyl oxygen in lle123

The principal difference between the empty enzyme and (Figure 5).

the substrate complex is the conformation of the upper lip
(excluding the upper lip, the rmsd between LalL and mLalL
molecules is~0.9 A, using 564 main chain atoms in the

calculation). In molecules mLaL-A and -C, the conformation

Ligand-binding modes in subsites D and E have elicited
the most interest in lysozyme research since the catalysis of
the cleavage of thg(1—4) glycosidic bond occurs between
these subsites. As discussed above, in the-(GIcNAC)s
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Ficure 5: Schematic overview of all the interactions observed between the active site of LaL and the¥-aestdchitohexaose. Only
rings A—D of one hexasaccharide and rings E and F of the second hexasaccharide are shown. Dashed lines are used to indicate hydrogen
bond interactions (see also Table 2).

been noted by Evrard and co-workers, and led to the finding

Table 2: SaccharideProtein Hydrogen Bond Interactions ’ .
that the replacement of Trp residues with 7-azatryptophan

saccharide protein molecule A molecule B

subsite H-bond A) A rgsidue_s in this protein allowed for the formation of suitably
A — — diffracting crystals 80, 31). It has been suggested that the
B r(])OGn—eGInQS OE1 _ 28 ?ncorpp_ration of this unnaturz_il ar_nino aci_d may have resulted
06-Tyr77 OH 2.8 3.0 in additional hydrogen bonding interactions that could have
O7-Asn122 ND2 2.8 3.0 contributed to the formation of these crystaBi)( In our
C N2-1le123 O 2.9 2.7 own hands, many attempts to produce suitably diffracting
03-GIn98 OE1 3.0 2.8 g : ;
O7—Leu70 N 33 34 cryst'als of the Wlld-typg LaL Fjl|.SO met with fgulure. We
D 06—Ala125 N 2.6 2.7 previously noted the ability of chitin oligosaccharides to bind
E N2—-Glu19 O 2.9 2.9 to LaL as observed by NMR and calorimetry experiments
03-Glul9 OE1 - 3.4 (33, 34, 44). However, these oligosaccharides were unable
03—-GIn68 OE1 3.0 2.7 .
04—Glul9 OEL 57 o8 to serve as subfstrates, unlike for lysozymes such as HI_EWL
04—Glu1l9 OE2 3.4 3.3 (2). The formation of complexes between LaL and chitin
06—Phel350 2.7 2.6 oligosaccharides was further investigated by following
. Sg;eGly% N 3_-0 3-8 changes in the intrinsic fluorescence properties of LalL (data

not shown). LaL was found to fluoresce under 280 nm
excitation with an emission maximum at 34345 nm at
crystal structure, the saccharide units occupying subsites DpH 7.0. A progressive decrease in the emission maximum
and E belong to two different hexamers, thus creating an (Ama) that depended upon oligosaccharide length and con-
intrinsic break between the GIcNAc residues in subsites D centration was observed. Whereas (GlcNAchused no
and E. (GIcNAcy is unlikely to be positioned in a catalyti- change inimax Or fluorescence intensity, and (GIcNAc)
Ca”y Competent conformation since it does not interact with produced on|y a margina| blue Sh|ft, increasing concentra-
the catalytic acid, Glul9. Also, a catalytically competent tions of (GIcNAC), (GIcNAc), and (GIcNAc) decreased
conformation would imply distortion of the (GIcNAS) 3 from ~345 nm (in the absence of saccharide)}837
residue; i.e., the 6-OH group must be positioned such thatnm in their presence. Fluorescence intensity was also
transglycosylation can occur. However, (GICNA®rms a  gpserved to increase. Maltotetraose, which has been previ-
unigue stacking interaction with Tyr132, which is in turn ously shown not to bind to the enzyme by NMR and
hydrogen bonded to the carbonyl oxygen of Asn122.  cajorimetry, produced no fluorescence emission shifts or
Interestingly, (GIcNAGy is buried deep in the active site  changes in intensity3@). The blue shift suggests that the
crevice and forms numerous interactions with the enzyme. enyironment surrounding the Trp residues that dominate the
In fact, the extent of interaction of (GlcNAgith Lal is fluorescence of LaL decreases in polarity upon oligosaccha-
comparable to that of (GIcNAg) which has been observed  yige pinding. A similar effect is seen with oligosaccharide
in other lysozyme structures to have the most interactions pinding to HEWL and indicates a similar interaction between
with the protein 48). Indeed, the catalytic acid, Glul9, is  yntophan residues of Lal and an oligosaccharide may also
within hydrogen bonding distance of the glycosidic oxygen, pe occurring. We also found that oligosaccharides wherein
04, of (GIcNAck in monomer B. n > 4 in (GIcNAc), are able to protect LaL from carbodi-
imide inactivation (likely due to carboxyl group modifica-
DISCUSSION tion), indicating that the oligosaccharide is likely protecting
LaL—Oligosaccharide BindingDifficulties in the prepara-  an active site glutamate/aspartate from chemical modification
tion of suitably diffracting crystals of wild-type LaL have (Figure 3). Using the observations that (GlcNAahd longer
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oligosaccharides appear to interact directly with the active changes in LaL which place Asp34 in the appropriate
site in a substantial way, attempts to produce suitable crystalsposition for catalysis. On the basis of the structure of the
of a LalL—oligosaccharide complex were carried out from LaL-(GIcNAc)s complex, this is obviously not the case.
which the Lal:(GIcNAc)s structure was finally determined.  Furthermore, no other Asp or Glu residues are within 10 A
This has allowed for an analysis of both global and local of Glu19 in the saccharide-bound state of LaL. A hydrogen
conformational alterations occurring upon saccharide binding. bond between the hydroxyl of Ser126 and Glul9, seen in
In addition, a comparison of the structures of LaL with the mLaLl, is still present in the saccharide complex of LaL and
lytic transglycosylases fror. coli complexed with saccha- may aid in the protonation event initiated by Glul9 and
rides is now possible, and thus, an examination of what subsequent proton transfers in the latter steps in the enzyme
structural features differentiate lytic transglycosylases from mechanism, including 6-OH attack on the developing oxo-
other lysozymes can now be performed. carbonium ion. LaL therefore joins the goose lysozyme as
Transglycosylation Reaction Mechanism; Role of Subsite well as theE. coli lytic transglycosylases in not requiring a
E and the Absence of Catalytic A§pespite the vast number  second Glu/Asp residue for enzyme activity. Note that from
of lysozyme structures available to date, saccharide interac-a mechanistic viewpoint the absence of a second Glu/Asp
tions in subsites E and F have not been seen crystallographitesidue is reasonable. Since immediately after cleavage
cally (48, 50, 51) except for recent studies on the lytic subsite E remains occupied thereby precluding a water
transglycosylases SlIt35 and SIt788( 29). For example, molecule from entering the active site, the 6-OH group from
although six saccharides are observed in a human lysozymehe muramic acid that is undergoing the enzymatic cleavage
structure (PDB entry 1LZS), the (GIcNAg)vas in fact provides the incoming alcohol function by necessity, thus
cleaved during crystallization into (GlcNAnd (GIcNAC). resulting in transglycosylation.
The disaccharide does not bind directly to subsites E and Comparison to Other Lysozymésstructural comparison
F, as it is located too far from the catalytic Glu, but between LaL and c- and v-type lysozymes (i.e., HEWL and
rather it is trapped near these sit@2)( The present LalL T4 lysozyme) has previously been presentg@).(Here we
(GlcNAc)s complex indicates how saccharide residues from will direct the attention to the comparison between LalL and
peptidoglycan interact at subsites E and F after a cleavagethe more closely related bacterial lytic transglycosylases
reaction. and how they as a group differ from other lysozymes. In
The fact that there are no other lysozyme structures in addition to the LaL enzyme presented here, crystal structures
which subsites E and F are filled could indicate that in these are available for two other lytic transglycosylases, Slt70 and
other lysozymes, the saccharide residues at positions E ana proteolytic fragment of MItB designated SIt386(-29).
F do not interact with the protein very strongly. The weak Of these three lytic transglycosylases, Lal is by far the
interaction allows the saccharides to diffuse away quickly smallest (17.8 kDa vs 36 and 70 kDa for MItB and SIt70,
from the E and F subsites after cleavage so that a waterrespectively), which can be rationalized by noting that MItB
molecule can diffuse into the active site and attack the C1 and SIt70 are involved in peptidoglycan renovation and
atom of the oxocarbonium ion intermediate, thus completing thus require stringent enzymatic regulation, i.e., additional
the regular hydrolysis reaction. The unusual stable binding domains, while LaL’s mandate is to simply lyse the bac-
of (GIcNAc) in LaL points to the possibility that the terial cell. Focusing on the catalytic domains of SIt70 and
saccharide residues tend to stay in the active site longer tharMItB (i.e., SIt35), we observed clear similarity between their
in other lysozymes so that water molecules are preventedfolds and that of LalL, specifically in the core. Much of
from attacking the oxocarbonium ion, allowing tranglyco- this similarity is not unique to the lytic transglycosylases,
sylation with a 6-OH group to occur rather than hydrolysis. but defines a common lysozyme scaffoRD). However, a
According to the generally accepted lysozyme mechanism, helix located beneath subsites—B (helix o2 in Lal)
the first step of catalysis generates an oxocarbonium ionappears to be unique to the lytic transglycosylase family of
intermediate, which adopts a high-energy half-chair confor- enzymes, based on the current three-dimensional structural
mation (). The intermediate is stabilized by extensive database.
interactions with the protein. It has been proposed for HEWL  As stated above, the functional commonality among lytic
that important stabilization of the oxocarbonium ion is transglycosylases that makes them distinct from other
contributed by the proximity of an ionized negatively charged lysozymes is the particular cleavage reaction of peptidoglycan
Asp52. Counterparts to Asp52 have been located in otherresulting in the generation of 1,6-anhydromuramic acid
types of lysozymes. However, in these lysozymes, mutation terminal residues. Such a cleavage reaction by necessity
of the equivalent Asp52 seems to have a less deleteriousmposes constraints on the structure of lysozyme-like lytic
effect than the equivalent catalytic GI524). In fact, the transglycosylases. Specifically, two constraints must be
corresponding Asp52 residue is absent in goose egg whitemet: (a) water must be prevented from approaching the site
lysozyme (GEWL) §3). LaL is similar to GEWL in that it of cleavage so as to avoid a hydrolysis reaction, and (b) the
has no Asp52 counterpart. Previous suggestions that Asp34saccharide in subsite D must undergo a greater distortion
may play a role in LaL equivalent to that of Asp52 in HEWL, compared to other lysozymes so as to allow the C6 hydroxyl
that is of a negatively charged side chain that stabilizes thegroup to attack C1. In addition, our results also suggest that
developing oxocarbonium ion in the transition state, seem the absence of the second catalytic base is at least a
unfounded as the crystal structure of mLalL or the LalL facilitating feature. A nate conclusion would be to assume
(GlcNAc)s complex indicates that Asp34 is not proximal to that the two structural constraints imposed by the reaction
the D and E subsites4(). The structure of the LalL are met by a common architectural feature, that being that
(GlcNACc)s complex is important in this regard, as it could the helix located beneath subsites-B uniquely observed
be argued that ligand binding might cause conformational in the lytic transglycosylases is primarily responsible for the
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Ficure 6: Surface depictions of the active site of four lysozymes.
Shown in panel a is LaL in complex with two hekaacetylchi-

Leung et al.

With respect to achieving a greater distortion of the
saccharide in subsite D in lysozyme-like lytic transglycosy-
lases so as to allow the formation of the 1,6-anhydro linkage,
again it proves to be difficult to pinpoint a unique lytic
transglycosylase feature which can be considered responsible
for this task. On the basis of this, it can be argued that
perhaps saccharide distortion is not a limiting factor, but that
all lysozymes provide sufficient distortion of the saccharide
residing in subsite D. If this is the case, then the combination
of the absence of a catalytic Asp and the exclusion of water
from the active site is sufficient to promote a transglycosy-
lation instead of a hydrolysis reaction.

CONCLUSIONS

Despite the well-known area of lysozyme biochemistry,
nature continually presents new perspectives on this area of
biochemistry. In the current structural study, a lysozyme is
observed in which all six subites are fully occupied and the
detailed interactions between the saccharide and the enzyme
are available. Although smaller in size, several similarities

tohexaose molecules (only saccharide moieties bound to saccharid@Xist between LaL and the bacterial lytic transglycosylases.

subsites in LaL are displayed). Panel b displays SIt35 in complex
with two muropeptides (PDB entry 1DOK). Panel ¢ presents human
lysozyme in complex with cleaved hek&acetylchitohexaose (PDB
entry 1LZS). Panel d shows HEWL in complex with M-
acetylchitotriose (PDB entry IHEW). The coloring of the surface
is according to electrostatic potential, ranging fretf0 to 50 kT

(red to blue, respectively). This figure was generated using the
program Grasp55).

specific peptidoglycan cleavage reaction performed by these,
enzymes. However, we are unable to convincingly link this
specific structural commonality to the transglycosylation
reaction mechanism.

Our analysis of LalL suggests that stronger saccharide
binding in subsite E is the mechanism by which this enzyme
may prevent a water molecule from completing the hydroly-

First, the overall fold appears to be similar with a specific
helix present in LaL and SIt35 and -70. Second, only one
catalytic acidic residue is present in the active site of these
enzymes. The lack of a requirement for the presence of a
second Asp residue in these enzymes also appears to coincide
with evidence for the tighter binding of the E sugar to the
active site. This more stable interaction may block competing
water attack on the oxocarbonium intermediate, allowing the
6-OH of the D subsite muramic acid to form the 1,6-anhydro
linkage. Comparison of our results with structural studies
of other lysozymes suggests that the structural features that
primarily differentiate lytic transglycosylases and other
lysozymes are a combination of (a) obstruction of subsite E
so that diffusion of the saccharide away from this location
is hindered and (b) removal of the second catalytic acid.

sis reaction. In fact, this has also been suggested from the

structures of saccharidesIt complexesZ8, 29) (see below).
Intriguingly, the structural reason for the apparent stronger
affinity of the E subsite for the saccharide in LaL and other
transglycosylases than for lysozyme enzymes is not im-
mediately clear. As can be seen from Table 2 and Figure 5,
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