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ABSTRACT. The X-ray structure of a chicken egg white lysozyme (ChEWL) complex with a peptidoglycan-
derived inhibitor suggests that interactions of Asn46 and Asp52 with the D-shbaitetylmuramic acid
residue help to distort that pyranose ring into the reactive half-chair conformation and that a hydrogen
bond is formed between Asn46 and Asp52 [Strynadka, N. C. J., & James, M. N. G. (L949d). Biol.
220,401—424]. These hypotheses were investigated through the D52A, N46A, and D52A/N46A mutants
of ChEWL. The Michaelis constants of the D52A and D52A/N46A ChEWL complexesMiithococcus
luteuscells are 3- and 4-fold higher, respectively, than the wild-tiae the correspondingc.: values

are 25- and 50-fold lower, respectively, than the wild-t)ag These results support the proposal of
Strynadka and James. The velocities of reactions catalyzed by the N46A and D52A mutants are
approximately equal to each other for all classes of substrate, suggesting that the respective roles of Asn46
and Asp52 in transition state stabilization do not vary. The mutation of either Asn46 or Asp52 to Ala
apparently disrupts the interactions of the other (nonmutated) residue with the substrate, supporting the
crystallographic evidence of a hydrogen-bond interaction between the two residues. The mutations do
not change the values of the dissociation constants of complexes with (carboxymethyl)chitin complexes,
suggesting that ground state complexes of ChEWL with chitin-derived substrates differ in conformation
from complexes with bacterial peptidoglycans.

Chicken egg white lysozyme (ChEWALkatalyzes the  deserves further study. High-resolution crystal structures of
hydrolysis of the glycosidic bond betwebBkacetylmuramic native enzyme (Kundrot & Richards, 1987) and of a
acid (NAM) and N-acetylglucosamine (NAG) in bacterial lysozyme complex with the peptidoglycan-derived inhibitor,
cell walls, as well as bonds between adjoining NAG units NAM-NAG-NAM (Figure 1; Strynadka & James, 1991),
of chitin. The generally accepted catalytic mechanism is show that Asp52(0OD1) and Asn46(ND2) are 2.9 A apart,
based upon the structure of ChEWL cocrystallized with the suggesting a hydrogen-bond interaction. This bond probably
inhibitor chitotrigse. Acco_rdin_g to this model, Glu35 acts - stabilizes the negative charge on Asp52 and helps to hold
as a general acid by contributing a proton to the glycosidic hat residue in the proper orientation to stabilize the positive
bond oxygen between the saccharide residues in subsites Qiparge on the oxocarbenium intermediate. The precise
and E. The resulting cleavage of the glycosidic bond leads position of the ionized carboxyl group is important, as the

to a metastable oxocarbenium intermediate, which is stab|-D52E mutant is a weaker catalyst relative to the wild type

lized through chargecharge interactions by the ionized ;
Asp52 side chain [Phillips, 1966; Vernon, 1967; see SchemeEﬁgﬁﬁ’mll?rioyﬁpsfhnggAG():hEWL for all substrates tested

1 of Matsumura and Kirsch (1996)]. )
The site-directed D52A mutant of ChEWL, however, ~ ASn46 and Asp52 of the wild-type ChEWL may also be
retains~4% of the catalytic activity of the wild-type in  important in straining the NAM residue bound in the
reactions withMicrococcus luteusSarcina lutea,and Es- D-subsite into the reactive half-chair conformation. This
cherichia colicell suspensions. This result shows that Asp52 conformation helps to stabilize the oxocarbenium intermedi-
accounts for only a 2 kcal/mol decreaseNiG* and therefore  ate by allowing the positive charge to be shared by two
is not essential to the catalytic mechanism (Matsumura & members of the pyranose ring (Phillips, 1966; Vernon, 1967).
Kirsch, 1996). The function of this residue, therefore, The NAM-NAG-NAM/lysozyme cocrystal structure is as-
: : : sumed to be representative of complexes with the more
' This work was supported by the Director, Office of Energy eytended bacterial peptidoglycan substrates. That structure
Research, Office of Basic Energy Sciences, Divisions of Materials . .
Sciences and of Energy Biosciences of the U.S. Department of EnergySNOWS numerous van der Waals interactions between atoms
under Contract No. DE-AC03-76SF00098 to Lawrence Berkeley of Asp52, Asn46, and the NAM residue bound in the
Laboratory. |.M. was supported in part by NIH Molecular Bioengi- p_sybsite. In addition Asp52(0D2) and Asn46(0OD1) each
neering Training Grant GM-08352. ) T . .
t Present address: Department of Chemistry, Indiana University, fOrm hydrogen bondS_W'th the acetamido nitrogen atom of
Bloomington, IN 47405. the D-subsite NAM (Figure 1). These specific interactions
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6368; e-mail address, jkirsch@mendel.berkeley.edu. can Only be made when the pyranose ring 1S in the half
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thesized commercially by GenSet, Inc. (La Jolla, CA) or by
the Core Facility of the Department of Molecular and Cell
Biology, University of California at Berkeley. Chitotriose
was from Seikagaku America (Rockville, MD). All other
materials were obtained as previously described (Matsumura
& Kirsch, 1996).

Production of Mutants A single-stranded uridine-labeled
template was prepared from the D52A ChEWL phagemid
previously described (Matsumura & Kirsch, 1996). The
oligonucleotide 5d(TACAAACCGTGCCACCGATGG-
GAG)-3 was annealed to this template, or to the wild-type
ChEWL template, to generate the N46A and N46A/D52A
mutants. Sequencing, subcloning, yeast transformation,
expression, and purification were carried out as previously
described for D52A ChEWL (Matsumura & Kirsch, 1996).
All enzymes characterized in this study wer89% pure as
judged by SDSPAGE analysis (Laemmli, 1970; data not
shown). Protein concentrations were determined by the Bio-
Rad protein assay (Hercules, CA) as described by the
manufacturer.

Cell Wall Substrates The catalytic activities of N46A and
FiGURE 1. View of the lower half of the lysozyme active site. The N46A/D52A ChEWL in reactions wittM. luteus S. lutea
hydrogen-bond (dashed lines) distances are in angstroms. The figuréandE. coli cell suspensions were assayed, and the data were
is drawn from coordinates provided by N. Strynadka (Strynadka analyzed as previously described (Matsumura & Kirsch,
& James, 1991). 1996), except as noted. Th&, value for the wild-type

] ] o ) ] ) ChEWL complex withM. luteuscell walls was determined
unlike NAM, residues bind in the D-subsite without being a5 described by Maurel and Douzou (1976), with differences
distorted (Schindler et al., 1977). The interactions of Asn46 \nted in the text. Those of the corresponding D52A and
with chitin-derived substrates were previously studied through NasaA/D52A ChEWL complexes were derived from the
the N46D mutant of ChEWL (Inoue et al., 1992). Th&  yelocities of the slow phases of the clearing reactions
andKy values derived from N46D ChEWL reactions with  ca1alyzed by each enzyme. The small initial bursts were

(ethylene glycol)chitin are both 25% of the corresponding ot evaluated because they represent the cleavage of a small
wild-type values; thé./{Ky therefore is unaffected. These minority (<5%) of linkages. The rate of the slow phase for
workers concluded that Asn46 in wild-type ChEWL “is  gach reaction was obtained from the fit of the data to the
involved in the initial substrate binding but not in the biphasic model (Matsumura & Kirsch, 1996). These rates

D subsite NAM

Q

AspS52

Ser50

transition state at all”. It is, however, possible that Asn46
and the mutant Asp46 contribute equally to transition state

were subsequently fit to the Michaelidenten equation.
Chitin Derivatives The relative rates of NA6A and N46A/

stabilization and that the extra free energy seen in the AspA6p5yA ChEWL-catalyzed cleavage of (ethylene glycol)chitin

contribution to the stabilization of the enzymsubstrate
complex is lost in the transition state. These two positions
can be decided by the investigation of additional Asn46
mutants.

In this study, the roles of Asn46 and Asp52 in substrate

and (carboxymethyl)chitin were assayed as previously de-
scribed in Matsumura and Kirsch (1996). The dissociation
constants of the various lysozyme complexes with (car-
boxymethyl)chitin and chitotriose were based upon the
observed decrease in the fluorescence intensity of the protein

association and catalysis are investigated by mutation ypon binding (Schindler et al., 1977). Solutions (250 nM)

analysis. The catalytic efficiencies of the N46A, D52A, and
N46A/D52A mutants in reactions with a variety of substrates
are compared with those of the wild type. The results show
that Asn46 and Asp52 act cooperatively in the wild-type
enzyme, supporting the crystallographic evidence for a

of each lysozyme in 66 mM potassium phosphate (pH 5.5,
25 °C) were excited at 280 nm, and the emissions at 365
nm were followed in a Perkin-Elmer LS-50B spectrofluo-

rimeter with increasing concentrations of chitotriose or
(carboxymethyl)chitin. Measurements were taken after a 10

hydrogen bond between these two residues. The Michaelismin incubation time. Little hydrolysis of (carboxymethyl)-

constants for complexes of the mutant and wild-type
lysozymes with theM. luteuscells, and the dissociation

chitin occurs within the time scale of the binding assay for
the mutant lysozymes [Figure 1 of Matsumura and Kirsch

constants for the corresponding lysozyme complexes with (1996)]. The determined values of the dissociation constants
(carboxymethyl)chitin, are determined. Our data suggest that wild-type ChEWL complexes with (carboxymethyl)chitin
interactions of Asn46 and Asp52 with the substrate contribute \yere independent of the incubation time, which was either

to the stabilities of complexes with cell wall substrates, but
not to those formed with chitin derivatives. The results also
imply that interactions of the two residues with both types
of substrate contribute to the stabilization of each of the
corresponding transition states.

MATERIALS AND METHODS

Materials Oligonucleotides for mutagenesis were syn-

5—10 s or 10 min.

The fluorimetric titration data were corrected for the minor
contributions of the substrate and buffer, as well as for the
volume of the added substrate, and fit to

Fons= Fo = (AF[LD/([L] +Ky) (1)

where Fqps is the volume- and background-corrected fluo-
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Lot A ] Table 1: Relative Rates of Lysozyme-Catalyzed Reactions
0.03 ¢ N46A D52A N46A/D52A
102 ¢ ChEWL ChEWL®  ChEWL
T substrate (%) (%) (%)
o l100f TE 0.02 F M. luteusfast phase amplitude 6.8+ 1.3 2.7+ 0.6 2.7+ 0.5
? e M. luteusfast phase velociy 9.1+ 0.2 221+1.0 11.0+0.2
§ § M. luteusslow phase velocify 5.7+ 0.1 41+ 0.1 1.7+0.1
0.98 5 E. colivelocity 8.0+£0.2 5.2+ 0.1 1.7+£0.1
0.01F (ethylene glycol)chitin velocify 0.40+0.04 2.44+0.2 1.0+ 0.2
0.96 | (carboxymethyl)chitin velocify 2.0+ 0.5 59+14 4.1+0.8
aExcept for the first row (see footnot, the velocities of N46A
[ AP S AR PR 0.00 ChEWL-, D52A ChEWL-, and N46A/D52A ChEWL-catalyzed reac-
0 2 4 6 8 10 0 20 40 6 80 100 tions are expressed as percentages relative to the 100% value for wild-
minutes [N46A/D52A] "M type ChEWL acting on the given substrate. All values are the averages

of at least three independent determinatidrihe values in this column
are from Matsumura and Kirsch (1996)-raction of the total light
scattering of a 0.2 mg/mL suspension Mf luteuscells in 66 mM
potassium phosphate (pH 6.6, 25) cleared in the fast phases of the

FIGURE 2: N46A/D52A ChEWL-catalyzed hydrolysis 8. luteus
cell suspensions showing biphasic kinetics. (A) 120 nM N46A/
D52A ChEWL was reacted with a 0.2 mg/nhlL luteussuspension

in 66 mM potassium phosphate (pH 6.6,Z5). The reaction trace !

was fit to the biphasic model (Matsumura & Kirsch, 1996). The Nfélt?]A' Dl?jzf\ angh'\g/?/ﬁ/ D5t2'|°‘ CZE\/l\/L"?ataI%Z;? Iretactloﬁﬂ'.he rate
data are superimposable on the calculated line within the resolution®' 1€ Wild-type -catalyzeu clearing of ah uteussuspension
of the figure. The minimizing parameters for this reaction afg][S is linear with time for at least 20% of the total reaction (see text). Since

— ; — I — no fast phase is exhibited, the initial velocity of the wild-type-catalyzed
Mplcs)?lg ?Q;S\‘}ggésmléls e)%bsrce)gs 61(?6 alglth esd e'ca:ggls(&ga STZH?SASSGOT reaction is the standard of comparison for both the fast and slow phases
minute ' of the fast Q’) and slow ©) phases of N46A/D52A of the N46A, D52A, and N46A/D52A ChEWL-catalyzed reactions.
ChEWL-catalyzed reactions plotted against enzyme concentration., lOOrnM ammonium phosphate bugfer (pH 7.9), 1 mM EDTA, Z5

The slopes are equal to 11.0% and 1.7% of that derived from the  0-1% (ethylene glycol)chitin or 0.2% (carboxymethyl)chitin in 66 mM
initial velocities of wild-type ChEWL-catalyzed reactions (Table Potassium phosphate buffer (pH 5.5, %).

1).

1.1 0.02

rescence intensitys, is the fitted intrinsic fluorescence of

enzyme aloneAF is the fitted change in fluorescence upon
association of ligand with enzyme, and [L] is the molar kK
concentration of chitotriose or (carboxymethyl)chitin in mg/ B

mL. 09F "N

Abs 450
-d (Abs 450 / min)
=]
2

RESULTS ] N

0.8F ~
Catalytic Actuities ] '~

M. luteus The interdependence of the contributions of 0.7 bl b, 000l
Asn46 and Asp52 to the ChEWL catalytic mechanism was o 20 40 60 0 20 40 60 80 100
explored by mutation analysis. The D52A mutant, unlike minutes [N46A ChEWL] nM
the wild-type enzyme, shows biphasic kinetics in reactions Ficure 3: Biphasic kinetics of the N46A ChEWL-catalyzed
with M. luteuscell suspensions, indicating a preference for clearing ofM. luteussuspensions. (A) 40 nM N46A (dashed line)

i ; ; or 200 nM N46A/D52A (dotted line) ChEWL was reacted with
a subset of glycosidic bonds in the peptidoglycan (MatsumuratheM. luteussubstrate as described in Figure 2A. The superposition

& Kirgch, 1996). Superposition of the additional N46A of the traces shows that N46A ChEWL exhibits the same kinetics
mutation on the D52A ChEWL framework (N46A/D52A)  as N46A/D52A ChEWL, except for a more gradual transition from
yields a construct exhibiting biphasic kinetics that is quali- the fast to the slow phase. Note that the scale ofiheis is larger

tatively identical to that exhibited by the D52A mutant. The than that of Figure 2A, so that the fast phase of the D52A ChEWL

reactions of both the D52A and N46A/D52A mutants show reaction is lost. (B) N46A ChEWL traces were fit as described in
Figure 2B, and the minimizing parameters for the fagtgnd slow

initial bursts that rapidly decrease the light scattering of the .y hhase rates were plotted against enzyme concentration. These
suspension by 2.7%, followed by linear slow phases (Mat- sjopes are equal to 9.1% and 5.7% of that derived from the initial
sumura & Kirsch, 1996; Figure 2A). The quantitative velocities of reactions catalyzed by wild-type ChEWL (Table 1).
differences, listed in Table 1, are as follows: the fast and
slow phase velocities of the N46A/D52A-catalyzed reaction than those of the D52A and N46A/D52A ChEWL-catalyzed
are equal to 11.0% and 1.7% of the wild-type initial rate, reactions (Figure 3A). Predigestion of thfe luteussubstrate
respectively, (Figure 2B, Table 1), while the corresponding with the N46A mutant eliminates the initial burst when either
values for D52A ChEWL are 22.1% and 4.1%, respectively D52A or N46A/D52A ChEWL is subsequently added (Figure
(Matsumura & Kirsch, 1996). The contribution of Asn46 4). This result demonstrates that the N4A6A ChEWL speci-
in the D52A ChEWL mutant therefore accounts for only a ficity subsumes at least that subset of D52A ChEWL
2—3-fold rate acceleration over that of the double mutant, hyperlabile linkages (Matsumura & Kirsch, 1996). In
with no qualitative change in the shape of the kinetic trace. quantitative terms, the rate of the N46A ChEWL-catalyzed
The kinetics exhibited by the N46A mutant in reactions clearing of anM. luteussuspension is not much faster than
with M. luteus cell suspensions is apparently biphasic, those of the corresponding N4A6A/D52A ChEWL reaction.
suggesting that it also has a preference for a subset of theThe fast and slow phase velocities of the N4A6A ChEWL-
glycosidic bonds in thé\. luteuspeptidoglycan. The fast catalyzed reaction are equal to 9.1% and 5.7% of the wild-
and slow phases, however, are more difficult to distinguish type ChEWL initial reaction rate, respectively (Figure 3B,
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FiIGURe 4: Reactions of 20 nM D52AX, v) or 40 nM N46A/ (;); 3 ©
D52A ChEWL (@, <) with 0.1 mg/mLM. luteuscell suspensions g’g 0.004 [ ©
that were fresh¥, ) or pre-reacted for 30 min with 10 nM N46A <z Ao
ChEWL (A, ©). The latter traces were corrected for the residual 33 - 8
catalytic activity attributable to the original N4A6A ChEWL aliquot. 0,000 . . ) L

Quantitatively, predigestion for the specified time reduces the burst 0.00 0.05 0.10 0.15 0.20 0.25
amplitude (i.e., the hyperlabile subset) by 80%, while only 12% of [M. luteus] mg/mL

the totalAsso is consumed.
Ficure 5: Determination of the Michaelis constants of lysozyme
Table 1). Thus, both Asn46 and Asp52 are necessary forcomplexes withM. luteuscells. (A) The initial velocities of 10

i i ivi iw~in, NM wild-type ChEWL Q) in reactions with varying concentrations
the expression of wild-type activity and substrate specificity of cells, expressed as the decreasehig, units/minute, plotted

in reac“‘,’“s withM. luteussuspensions. against substrate concentration. The data were fit to the Michaelis
E. coli. The N46A, D52A, and N46A/D52A mutants  Menten equation, whery = 0.024 £ 0.002 mg/mL. (B) Cell

exhibit kinetics in reactions witlE. coli suspensions that  suspensions were digested with 200 nM D52A ChEW/). for 10

are satisfactorily accommodated by the single-exponential min. The data were fit to the biphasic model (Matsumura & Kirsch,

ey 1996), and the slow phase velocities were plotted agsdnsiteus
decay model used for the wild-type enzyme (Matsumura & concentration. Th&y value of the slow phase is 0.070 0.01

Kirsch, 1996). This implies that all of the lysozymes react mg/mL. (C) Like (B), except that N46A/D52AX) was used and
with the same subset of glycosidic linkages, thereby sim- the Ky, value is 0.098+ 0.02 mg/mL.

plifying the interpretation of the data. The specific rate

constants are decreased by the factors shown in Table 1. Thgyere determined to help separate the observed effects of the
rate constant for the double mutant is less than that of eithery, ;tations on the kinetics into catalytic and dissociation
of the singles, but is greatgr than _their prodgct. Thgt isz 0.017 constants. Th& value of the wild-type lysozyme complex

> 0.052x 0.080= 0.004, indicating catalytic contributions ;" i« ¢ ~all concentration is 0.024 0.002 mg/mL in 66

of a cooperative, rather than an additive, nature. : .
" S e mM potassium phosphate buffer (pH 6.6,°Z5 (Figure 5A,
Chitin-Derived Substrates The catalytic activities of the Table 2). Determination of thiy values for the mutant

lysozymes in reactions with (ethylene glycol)chitin and . .

(carboxymethyl)chitin show that the conclusions about the ﬁggﬁggﬂ@ﬁﬁﬂs mtorle cc:jmplhca_ted. (Nlln Ithte D52A and
cooperative behavior of Asn46 and Asp52 can be extended' ">/, -catalyzed clearing Gvl. [uteussus-
to chitin-derived substrates. The velocities of the N46A, PENsions, the fast phase of each reaction accounts for only

D52A, and N46A/D52A ChEWL-catalyzed cleavage of 2.7% of the overall reaction. Each clearing trace was
(ethylene glycol)chitin are equal to 0.4%, 2.4%, and 1.0% therefore fit to the biphasic model (Matsumura & Kirsch,

of that of the wild type, respectively. (Carboxymethyl)chitin 1996), and the slow phase velocity at each substrate
was found to be a substrate for all three mutants and wasconcentration was used for th& determination. They

used to study the interactions of lysozyme with chitin-derived values of the D52A and N46A/D52A ChEWL complexes
substrates, as described in the following. The velocities of with M. luteuscells are 0.07Gt 0.014 and 0.09& 0.016

the N46A, D52A, and N46A/D52A ChEWL-catalyzed reac- mg/mL, respectively (Figure 5B,C, Table 2). The corre-
tions with (carboxymethyl)chitin are equal to 2.0%, 5.9%, sponding value for the N46A ChEWL cannot be determined
and 4.1% of that of the wild-type enzyme, respectively (Table accurately, because the fast and slow phases of each reaction

1). are more difficult to differentiate. The high&s, values of
Michaeli 4 Di iation C the D52A and N46A/D52A complexes witfl. luteuscells
Ichaelis and Dissociation Constants are sufficient to show that both Asn46 and Asp52 contribute

M. luteus The Michaelis constants of the wild-type and to the stability of the enzymesubstrate complex for the
mutant ChEWL complexes withl. luteuscells in suspension  wild-type enzyme, assuming that tg values derived from
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Table 2: K4 andKy Values of LysozymeLigand Complexes A B
1.6 =

(carboxymethyl)-
chitotriosé@ chitinP M. luteus
lysozyme Kg (uM) Kg (ug/mL) Km (mg/mL)

wild-type ChEWL 13+1 41408  0.024+0.002 12
N46A ChEWL 10+ 2 26+05  ND LN
D52A ChEWL 14+ 4 42408  0.070+0.014 /;:-' ' s AL
N46A/D52A ChEWL 14+ 3 3.4+0.4  0.098+0.016 08t N\ Y i AN
E35Q ChEWL ND 2.0£0.7  ND fi \'-\ E \:

/ \ / ‘s
a Determined from the changes in fluorescentg € 280 nm,Aem /?;f \ j \
= 365 nm) of 250 nM lysozyme in 66 mM potassium phosphate (pH 0.4 —,.[:' N\ R
5.5, 25°C) upon the addition of 04200 uM chitotriose (1uM
chitotriose= 0.63ug/mL). The data are shown in Figure 7B. Values
are based a fit of eq 1 to 13 points, and the standard error of the fit is
given.® Similar to theKy determinations for the lysozyme complexes
with chitotriose, except that 0-200ug/mL (carboxymethyl)chitin was
added to each lysozyme variant (Figure 7A). For the mutant enzymes,
the amount of (carboxymethyl)chitin hydrolyzed during the binding — <
assay is small [Figure 1B of Matsumura and Kirsch (1996)]. For assays / \ / \
with wild-type ChEWL, each addition of (carboxymethyl)chitin was ci N / N
to fresh enzyme with minimal (510 s) incubations. Each of the values / / \_\‘ [ Cio
is an average of three independent determinatibike values are o "\ / 4
based upon the fit of the MichaelidMenten equation using at least 18 /,' \.\ ‘ ,;'/
points, as described in Figure 5. 08F !¢ \ 5 o .
I \% ¥ \

the velocities of the slow phases of the reactions are true 0.4 /[ \ _,/f \
dissociation constants. '/'.;’ W f f
0.0l

OAOIIlLllllllllllJ|llJ NS WS NS SN N

Cc D

Fluorescence intensity (arbitrary units)

Chitin Derivatives The dissociation constants of the wild-
type and mutant ChEWL complexes with (carboxymethyl)-
chitin were determined with an assay based on the observed 300 320 340 360 380 400 300 320 340 360 380 400
quenching of fluorescence associated with the formation of Emission wavelength (nm)
the complex (Figure 6; Nakatani & Hiromi, 1974; Schindler Ficure 6: Fluorescence emission changes in the spectra of wild-
et al., 1977). Attempts to determine th& values of type and mutant ChEWLs in the presence of chitotriose or
lysozyme complexes with (ethylene glycol)chitin proved to (carboxymethyl)chitin. Emission spectrae{ = 280 nm) of 250

nM (A) wild-type, (B) N46A, (C) D52A, or (D) N46A/D52A

be impractical due to substrate aggregation at the concentra—ChEWL in 66 mM potassium phosphate (pH 5.5.°2: enzyme

tions employed (data not shown). Tig values for the  5one (dotted line), with 14@M chitotriose (long-dashegshort
complexes of wild-type, N46A, D52A, and N46A/D52A  dashed line), or with 3Qug/mL (carboxymethyl)chitin (long-
ChEWL with (carboxymethyl)chitin are all approximately dashed-dotted line). The concentrations of the chitin derivatives
3 ug/mL (Figure 7A, Table 2). The value for the E35Q ar.ehlol-;‘c(j)ld highehr than thﬁd vglues of theirrespegt}ve gomkplexesd
mutant, which ha§ no deteCtabl(.:" ac_t iv!ty against this SubStrate\f/lleJt(Jrgvslcert\)(/:%eacridEd\{l\{JLti.oE gnda;%r\,rvneail?zggr;gcéevalgre 061}01 %(r)cr)uzr;_)o
(Matsumura & Kirsch, 1996), is similar (Table 2). Since n\ wild-type ChREWL wheniem = 365 nm.
none of the mutations affect th& value, it is unlikely that
the Asn46, Asp52, or Glu35 side chain interacts with with the D-subsite NAM residue only when the pyranose
(carboxymethyl)chitin in the complex. This is in contrast ring is in the reactive half-chair conformation. A hydrogen
to the observed effect of the same mutations uponkiae  bond formed between Asn46(ND2) and Asp52(OD1) holds
value of the complex wittM. luteuscells. both residues in the proper position for the enzyragbstrate
Chitotriose associates with subsites-& (Blake et al., interactions to occur (Figure 1; Strynadka & James, 1991).
1967a,b; Imoto et al., 1972). The dissociation constant The contributions to ligand association and catalyzed hy-
should be insensitive to the mutations under considerationdrolysis of these residues in the wild-type enzyme are
here since they are all in the D-subsite. The results are inexplored here through the N46A, D52A, and N46A/D52A
accord with this expectation: th& values of the chitotriose  mutants.
complexes with the wild-type and mutant lysozymes are all
approximately 12uM or 8 ug/mL (Figure 7B, Table 2).  Cell Wall Substrates

Previous workers have found that the D-subsite mutations, Biphasic Kinetics The D52A and N46A/D52A mutants

E35Q and DS2N, affect chitotriose binding (Corey, 1990; eyhibit qualitatively identical biphasic kinetics in reactions
Malcolm et al., 1989), but the ones employed in this study vt M. Juteussuspensions (Figure 2A; Matsumura & Kirsch,
do not. 1996), most likely for the same reasons. The D52A mutant
expresses a preference for a “hyperlabile” subset of the
DISCUSSION linkages in this substrate. It was proposed that the mutant
Crystal structures of the chitotriose and NAM-NAG-NAM  exhibits a greater preference for the subset of glycosidic
complexes with ChEWL suggest that Asn46 and Asp52 play bonds associated with carboxyl groups in the correct orienta-
several important roles in catalysis. The ionized Asp52 tion to replace Asp52 functionally. The fast phase of the
stabilizes the oxocarbenium intermediate by chaigjearge D52A ChEWL-catalyzed reaction is limited, because the
interaction (Phillips, 1966; Vernon, 1967). Asn46 and Asp52 hyperlabile subset only comprises approximately 5% of the
make specific van der Waals and hydrogen-bond interactionsM. luteuspeptidoglycan. The slow phase of the reaction
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data are consistent with the model that the N46A and D52A
mutations disrupt specific enzymégand interactions that
contribute to substrate distortion. Such interactions are seen
in the ChEWL/NAM-NAG-NAM cocrystal structure (Figure
1) and are assumed to persist in complexes with the more
extended peptidoglycan substrates. Asn46(OD1) and Asp52-
(OD2) form direct hydrogen bonds with the acetamido
nitrogen of the D-subsite NAM residue. Five atoms of that
NAM residue make van der Waals contact with atoms of
Asn46 or Asp52; these two amino acids, along with Asn59,
Ser50, and Asp48, constitute a hydrogen-bonded “platform”
that contributes to ring distortion by packing against the

0 0.01 0.02 0.03 0.04 0.05 0 0.05 0.1 0.15 0.2 . . A

[carboxymethyl chitin] mg/mL [chitotriose] mM D-subsite NAM. None of these interactions occurs when

FiGURe 7: Determination of the dissociation constants of lysozyme the pyranose ring is in the chair conformation (Strynadka &
complexes with chitin derivatives by fluorescendg,& 280 nm, James, 1991).

Aem = 365 nm). (A) The fluorescence intensity of 250 nM wild-  The cooperative nature of the contributions of Asn46 and
g’é’e Q). N46A (2), D52A (v), or NA6A/DS2A (0) ChEWL in Asp52 to catalysis is based upon the hydrogen-bond interac-

mM potassium phosphate (pH 5.5, 2€), corrected for .
background fluorescence and dilution, plotted against the concentra-ion between Asn46(ND2) and Asp52(OD1) (Strynadka &
tion of (carboxymethyl)chitin. Each point represents the average James, 1991). The mutation of either of these residues
value of three independent determinations. The calculated curveseliminates the hydrogen bond and disrupts the interaction
are Ieaslt-squares fits to o 1 r"]‘.’ith e Va'“fs gjjve” ig Table ﬁ ). of the remaining one with the substrate. The equivalent of
Chitin, with 046 point representing a single 1l 1 ASP52in human lysozyme was mutated to Glu, resuting in
an enzyme with 1% of the catalytic activity of the wild type

gMuraki et al., 1987). The crystal structure of the latter
mutant is nearly identical to that of the wild type, except

Fluroescence intensity (arbitrary units)

0.5 Lol b b n @

represents the cleavage of other bonds; its existence show
that Asp52 is not essential for catalysis (Matsumura &

Kirsch, 1996). that the mutant residue and the chicken lysozyme equivalents
N46A ChEWL also exhibits biphasic kinetics in reactions (1);325;]46 and AsnS9 are moved out of place (Harata et al,

with M. luteussuspensions, but the initial burst differs in
character from those of the D52A or N46A/D52A mutants
(Figure 3A). All three mutants show linear kinetics during
the slow phases of their reactions with luteussuspensions Catalytic Actiity. The velocities of the N46A, D52A,
(Figures 2A and 3A; Matsumura & Kirsch, 1996). The and N46A/D52A ChEWL-catalyzed cleavage of (ethylene
velocities of these latter reactions reflect the catalytic activity glycol)chitin are equal to 0.4%, 2.4%, and 1.0% of the wild-
of the mutants in reactions with ordinary (not hyperlabile) type value, respectively. The relative rates of the corre-
cell wall substrates where substrate assistance plays no rolesponding reactions with (carboxymethyl)chitin are higher
The nonlinear kinetic traces initially exhibited by the N46A (Table 1), possibly because the carboxyl group of (car-
mutant in reactions witM. luteus unlike the corresponding  boxymethyl)NAG bound in the E-subsite assists in catalysis
traces of the D52A and N46A/D52A mutants, cannot be (Matsumura & Kirsch, 1996). (Ethylene glycol)chitin kinetic
readily related to the known structure of tiv. luteus data are an unambiguous measure of catalytic activity in the
peptidoglycan. absence of substrate assistance. The N46A and D52A
Catalytic Actiity. The slow phase velocities of the N46A, mutations influence the catalysis of chitin-derived and cell
D52A, and N46A/D52A ChEWL-catalyzed reactions with wall substrates in similar ways; the structure of the transition
M. luteussuspensions are equal to 5.7%, 4.1%, and 1.7% state is most likely &lL-like for all of the reactions considered
of the wild-type initial velocity, respectively (Table 1). here (Capon, 1969; Sinnott, 1990).
These values are similar to the initial velocities of the  Dissociation Constants The Ky values of the N46A,
reactions of these mutants wikh coli suspensions, which  D52A, N46A/D52A, and wild-type ChEWL complexes with
are 8.0%, 5.2%, and 1.7% of the corresponding wild-type (carboxymethyl)chitin were all determined by fluorometric
value, respectively. In the D52A mutant, the contribution titration to be approximately g/mL. This suggests that
of the Asn46 side chain to catalysis accounts for only-82 interactions between Asn46 or Asp52 and the substrate do
fold rate acceleration over the double mutant. The N46A not contribute significantly to the stability of the enzyme
mutant is generally as poor a catalyst as D52A ChEWL. The substrate complex. By contrast, th&, values for the
N46A mutation apparently weakens the contribution of reactions with cell wall substrates do vary (see above). The
Asp52, so that the rate of reaction is only-3-fold faster Kq values for the wild-type and mutant ChEWL complexes
than that of the double mutant. The cooperative behavior with the inhibitor chitotriose, which binds in subsites-&
of Asn46 and Asp52 in the wild-type enzyme is correlated (Blake et al., 1967a,b; Imoto et al., 1972), are all about 12

Chitin Derivatives

with crystal structures later in this section. uM or 8 ug/mL (Table 2). The latter results also show that
Substrate Distortion The Ky values of the D52A and  the mutations do not affect subsites-&.
N46A/D52A ChEWL complexes witi. luteusare 3- and The (carboxymethyl)chitin binding data are consistent with

4-fold higher than that of the wild-type complex, respectively other evidence that ChEWL complexes with chitin-derived
(Table 2). The reactions of the D52A and N46A/D52A substrates differ in conformation from complexes with
ChEWL mutants havéd, values that are 25- and 50-fold bacterial peptidoglycans. Comparisons of the dissociation
less than that of the wild-type, respectively (Table 1). These constants of lysozyme complexes with NAG-NAM-NAG,
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NAG-NAM-NAG-NAG, and NAG-NAM-NAG-NAM show to the roles of the wild-type Asn46 residue in substrate
that NAG, but not NAM, is capable of binding in the association and catalysis, but is limited by the reasonable
D-subsite without being distorted (Schindler et al., 1977). assumption that there is little specific destabilization of the
Three binding processes for lysozyme and chitohexose aretransition state attributable to the Ala46 side chain.
kinetically distinguishable: the.—process, in which three
NAG residues bind in subsites#C, forming a nonproduc- ACKNOWLEDGMENT
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