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ABSTRACT. Lytic transglycosylases cleave th&(1—4)-glycosidic bond in the bacterial cell wall
heteropolymer, peptidoglycan, between tii@cetylmuramic acid (MurNAc) andll-acetylglucosamine
(GlcNAC) residues with the concomitant formation of a 1,6-anhydromuramoyl residue. With 72% amino
acid sequence identity between the enzymes, the theoretical structure of the membrane-bound lytic
transglycosylase B (MItB) fronPsuedomonas aeruginosas modeled on the known crystal structure of
Escherichia coliSIt35, the soluble derivative of its MItB. Of the twelve residues in SIt35 known to make
contacts with peptidoglycan derivatives in SIt35, nine exist in the same position iR.theruginosa
homologue, with two others only slightly displaced. To probe the binding properties of an engineered
soluble form of theP. aeruginosaMItB, a SUPREX method involving hydrogen/deuterium exchange
coupled with MALDI mass spectrometry detection was developed. Dissociation constants were calculated
for a series of peptidoglycan components and compared to those obtained by difference UV absorption
spectroscopy. These data indicated that GIcNAc alone does not bind to MItB with any measurable affinity
but it does contribute to the binding of GIcNAc-MurNAc-dipeptide. With the MurNAc series of ligands,
significant binding contributions are made through both thacetyl and C-3 lactyl moieties of the
aminosugar with additional contributions to binding provided by associated peptides.

Bacteria possess an exoskeleton called peptidoglycan (orcomposed of both transferases, a collection of penicillin
murein) which is used to withstand the strong turgor pressure binding proteins (PBPs), and the lytic transglycosylases (LTs)
exerted on their cytoplasmic membranes. This covalent (reviewed in refl). The high molecular weight PBPs catalyze
structure is composed of two alternating aminosugars the incorporation of newly synthesized peptidoglycan precur-
N-acetylmuramic acid (MurNAc) antl-acetylglucosamine  sor molecule, lipid 11, into the existing sacculus at sites made
(GlcNAc),! which are joined by-(1—4)-glycosidic linkages.  available by LTs 2, 3). While much effort has been made
The glycan strands are interconnected by short stem peptideg, ynderstand the function and mechanism of action of the

which are attached to the lactyl moiety of muramic acid. pgpg, the LTs have attracted considerably less attention.
This cross-linking generates a three-dimensional peptidogly-

can sacculus of carbohydrate and amino acids that surrounds The LTs are a class of bacterial autolysins that function
bacteria. to cleave peptidoglycan at the same site as lysozymes (EC
The generally accepted model for the biosynthesis of 3.2.1.17; peptidoglycaN-acetylmuramoy! hydrolase), specif-
peptidoglycan irfEscherichia colinvokes enzyme complexes ically the -(1—4)-glycosidic bond between the MurNAc
and GIcNAc residues. However, LTs are catalytically distinct

t These studies were supported by an operating grant (MOP90587)[Tom the hydrolytic lysozymes because they cleave pepti-
to A.J.C. from the Canadian Institutes of Health Research. doglycan with the concomitant formation of 1,6-anhydro-
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4120 ext 54124, Fax: (519) 837-1802, E-mail: aclarke@uoguelph.ca. y, o i atanolism of peptidoglycan, but their exact role has
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Biochemistry. not been determined. They have been implicated as space
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' Department of Microbiology. wall during pgptidoglycalj remode.lirjg_ and cell growth and
! Abbreviations: AnhMurNAc, 1,6-anhydri-acetylmuramic acid; as cell wall “zippers” during cell division5 6). LTs have
GIcNAc, N-acetylglucosamine; GIcNACMurNAc dipeptidi;acetyl- been found associated with macromolecular transport systems

glucosamings(1,4) N-acetylmuramyL-alanineL-isoglutamine; GdmCL, . .
guanidinium chloride; LT, Iytic transglycosylase; MALDI, matrix- SUch as type Il secretion and the type IV pilus assembly

assisted laser desorption ionization; MItB1, membrane bound lytic systems (reviewed in réf). They may also function in the

transglycosylase B1; Mur, muramic acid; MurNAg;acetylmuramic recvcling of old wall material and perhaps in the formation
acid; PBP, penicillin binding protein; sMItB, soluble derivative of ycling b P

membrane-bound lytic transglycosylase B1l; SUPREX, stability of of pores to allow transport of DNA and proteins across the
unpurified proteins from rates of H/D exchange. cell wall (6, 8).
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HO OH (GdmCI). The destabilization of the protein structure caused
Ho\m by GdmCI has an effect on increasing rates of deuterium
NB OR exchange which maybe countered by the presence of specific

ligands. The difference in the rates of this H/D exchange

OH OH \ ; ; ;
o OR o comparing protein samples in the presence and absence of
RO, o ° LS4 v )ﬁ ligands as monitored by MALDI mass spectroscopy can thus
o RO §

-—;\ NH o HN o AN be used to calculate binding data.

N\ ): 74 LAl 0 Previously, our laboratory was the first to provide a kinetic
L-Ala -Gl characterization of any of the LT4§). Given their role in
b-Glu m-DAP the growth and division of bacteria, we are interested in
m-II?AP b-Ala continuing our studies on the LTs which may lead to the
p-Ala rational design of a new class of antibacterial agents. Here,

Ficure 1: Reaction catalyzed by Iytic transglycosylases (LT). we apply both the SUPREX method and difference spec-
troscopy for determination of proteidigand interactions in

The released 1,6-anhydromuropeptides generated by LTsan engineered soluble form Bf aeruginosaviltB1 (sMitB).
have been shown to cause a variety of pathobiological effects.This is the first report of substrate affinity for this class of
For example, GIcNAc-AnhMurNAc-tetrapeptide released enzymes and provides evidence for the basic requirements
during infection withBordetella pertussibas been referred  of a substrate.
to as the tracheal cytotoxin because it can directly damage
HTE epithelial cells 9). Damage to human fallopian tubes MATERIALS AND METHODS
caused by peptidoglycan-derived cytotoxin durivejsseria
gonorrhoeaeinfection can also be replicated in vitro by
administration of 1,6-anhydromuropeptidé€), and the LT
responsible for its production has recently been identified
(112). Other pathobiological effects of 1,6-anhydromuropep-
tides include pyrogenicity, somnogenicity, and the induction
of rheumatoid arthritis (reviewed in ref2, 13).

LTs appear to be ubiquitous in the eubacteria that produce
peptidoglycan (viz., all but the cell wall-less mycoplasmas),
and even in some lytic bacteriophagéd)( The known and
hypothetical LTs have been organized into four families
based on differences within consensus signature sequences . _ L)
around their putative core catalytic domaiag)( Pseudomo- ouis, MO) or Fisher Scientific (Nepean, ON) _and were of
nas aeruginosaa Gram-negative, human opportunistic reagen_t grade or HPII_C-grade where_ _approp_nate.
pathogen often associated with morbidity and mortality ~ Peptidoglycan was isolated and purified fréfitrococcus
among cystic fibrosis patientd%), produces four family 3 luteusas previously dgscnbed;ﬂ). The isolated peptidogly-
LTs (14). The genes encoding all four have been cloned and ¢a@n was treated with DNase, RNase, and Pronase and
expressed irE. coli (16, unpublished datalp. aeruginosa reisolated by centrifugation as described by Glaurdy.(
MItB1 shares 72% amino acid identity with tHe. coli Isolation and Purification of sMItBThe production and
enzyme, and both have been demonstrated to be lipoproteingurification to homogeneity of a soluble derivative ef
(16—18). The other three homologues are 41%, 34%, and aeruginosaMitB1 (sMItB) from freshly transformed. coli
31% identical to thé. coli enzyme, but they are expressed With pNBAC 54-1 (encoding Histagged sMItB) was
as soluble proteinslf). All four family 3 enzymes fronP. conducted as previously described) Briefly, sMItB was
aeruginosacontain an invariant glutamyl residue homologous isolated from whole cell lysates d&. coli overexpressing
to the putative catalytic Glul62 of. coli MItB which smitBby metal affinity chromatography on a 4.6 mm100
comprises one of the family’s consensus sequentds ( mm Poros column using a Dionex BioLC. The protein was

Monitoring rates of hydrogen/deuterium (H/D) exchange recovered from the column using a pH gradient (pH4y
associated with peptide amides has proven to be an extremelyt a flow rate of 3 mL/min. The purified protein was dialyzed
powerful technique for the study and characterization of against 1.5 | of 10 mM ammonium acetate, pH 6.5 containing
protein stability and dynamics19—21). H/D exchange 100 mM NacCl.
experiments provide several benefits over traditional spec- Assay for LT Actiity. The specific activity of purified
troscopic techniques, one of which is the requirement for sMItB was measured using the assay developed by Blackburn
only small amounts of protein and sample volumes. The and Clarke 25). Briefly, sMItB was incubated at 37C in
SUPREX (stability of unpurified proteins from rates of H/D the presence of 266600 ug of purified peptidoglycan
exchange) technique is a recent development which employssuspended in 50 mM sodium acetate buffer, pH 5.8 contain-
MALDI mass spectrometry to monitor H/D exchanges and ing 0.1% Triton X-100. At appropriate intervals of time,
allows for a high-throughput quantitative assay for the samples were flash frozen at78 °C to halt the reaction.
analysis of proteirtligand interactions 42). Using the The insoluble peptidoglycan was removed from the thawed
SUPREX methodology, the H/D exchange of protein samples samples by centrifugation (130015 min, 4°C), and the
in the absence and presence of ligands is monitored followingrecovered supernatants containing the released and soluble
their dilution into a series of deuterated exchange buffers muropeptides were evaporated to dryness. The dried samples
containing different concentrations of guanidinium chloride were hydrolyzed with 5.8 M HCI fio2 h at 98°C and then

Chemical Reagents and Enzym€smplete EDTA-free
protease inhibitor tablets, glycine, and isopropyb-thio-
galactoside (IPTG) were purchased from Roche Molecular
Biochemicals (Laval, PQ) while Poros affinity chromatog-
raphy media was from Applied Biosystems (Valencia, CA).
The BCA protein assay kit was obtained from Pierce
(Rockford, IL). Superdex 75 FPLC column was supplied by
Pharmacia Biotech (Baie d’'Urf@Q), while Bio-Rad 50\W
X4 cation-exchange resin was obtained from Bio-Rad
Laboratories (Canada) Ltd. (Mississauga, ON). All other

hemicals were supplied by either Sigma Chemical Co. (St.
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evaporated to dryness. The muramic acid content of theroutine was used for curve fitting (Microcal Origin 5.0), and
hydrolyzed samples was measured using a Beckman Systenthe transition midpoint of the graph was determined. The
Gold amino acid analyzer (Beckman Coulter Canada Inc., free energy of foldingAG¢°) for sMItB in the presence and

Mississauga, ON) with ninhydrin detection. absence of ligand was determined using eq 1:
Analysis of Oligomerization of sMItBhe oligomerization

of sMItB was assessed by size-exclusion chromatography K, d-1

on a Superdex 75 column using 10 mM sodium phosphate P " 0.693

buffer, pH 7.0 as eluant at a flow rate of 0.7 mL/min. The —AG® = mMC’g prex+ RTIN=—="5 (1)

column was standardized using a set of protein standards, n [P]"_l

BSA (66 kDa), PoaD (42 kDap@), carbonic anhydrase (29 A

kDa), and lysozyme (14.4 kDa). . ]

Difference UV Absorbance Spectroscoybsorbance ~ Wheremis defined a®)AG;*/6[GdmCl] (0.026 kcal mol*
spectra of purified sMItB (7.03 FM) in 10 mM ammonium M~ per amino acid)28), C*?suerexis the [GdmCI] at the
acetate buffer, pH 6.5 containing 100 mM NaCl were SUPREX transition midpoinR is the gas constani, is the
collected using a Beckman DU-530 spectrophotometer. temperature in kelvinskin[(10°"9) is the average intrinsic
Quantitative binding experiments were performed by col- €xchange rate of an amide prot@2), tis the H/D exchange
lecting scans of sMItB after the sequential addition of ligand time, n is the number of subunits in the protein, and [P] is
and incubation for 90 s at room temperature. Each scan wastn€ protein concentration expresseaiimer equivalents. The
corrected for dilution by multiplying with a correction factor ~€xperimentam value for ligand binding was determined by
[(SV: + V)IV; , whereV, is the titration volume and; is incubating sMItB for varying exchange tlmes in the presence
the initial volume]. Scans were normalized by subtraction of MUrNAc. Plotting of AAGs as a function of €suprex
of the scan at zero ligand concentrati@T) The troughto ~ 9ave a slope corresponding i, The correctedn value
peak heights afog7 nm — Azsinm O Azsznm — Ao7e nm WeEre was then cglculated using the equaqnn: mp.+ M, wherg
plotted versus the total ligand concentration, and dissociationT Was equivalent to the value associated with the protein’s
constants were derived using a nonlinear regression analysiolding/unfolding reaction and was estimated from the data
with a two-site binding model (Microcal Origin 5.0). in Myers et al. £8), and them, component was thin value

Hydrogen-Deuterium (H/D) Exchange Experimenthe ~ associated with the binding reaction.
protocols used to generate the H/D denaturation curves are Dissociation constants() were calculated fromAAG®
based on the work previously described by Powell and co- Values using eq 2:
workers @2). Hydrogen-deuterium exchange reactions were R
initiated by combining 1uL aliquots of sMItB in 10 mM AAG = —nRTIn[1 + ([L)/ Ky)] )
ammonium acetate buffer, pH 6.5 containing 100 mM NacCl ) ) .

(enzyme buffer) with 9uL volumes of the same buffer ~WhereAAG is the difference betweehG° (ligand bound)
prepared in BO (pD 6.1, exchange buffer) containing a.ndAC-}f° in the gbsence pf ligand,is the nur_nber of bmdmg
varying concentrations of GdmCl that varied from 0 to 8 Sites, and [L] is the ligand concentration. All binding
M. For protein-ligand interaction studies, /L of the protein ~ €xperiments were performed using a3(00-fold excess of
solution was combined with AL of ligand in the enzyme  i9and. The number of binding sites)(was determined by
buffer and QL of exchange buffer. Samples were incubated Measuring ligand-induced stability changes at varying con-
for times ranging from Oct 1 h atroom temperature. After ~ Centrations of ligand. Thus, samples of protein were incu-
a specified exchange time, the protein was extracted with bated with 1, 2, 4, 50, and 100 equiv of MurNAc-dipeptide
either a G or Cyg Zip-tip, washed with 1 to 3 volumes of for 15 min at amb@nt temperature prior to performing the
ice cold 5% MeOH, and eluted into varying volumes-8  H/D exchange reactions. Values of batGs andC'*%suprex
uL) of ice cold sinapinic acid in 65% acetonitrile with 0.1% Were calculated and compared.

TFA. The quenched samples L) were spotted onto the Other Analytical MethodsSodium dodecyl sulfate (SDS)

MALDI sample plate, or the internal calibration standard Polyacrylamide gels were prepared using the discontinuous
BSA was added prior to spotting. buffer system of LaemmliZ9) and sample buffer containing

Samples were analyzed on a Bruker Reflex Il MALDI- SDS and 2-mercaptoethanol. Gels were stained with Coo-

TOF in reflectron mode using a 337 nm nitrogen laser set Massie Brilliant Blue R-250 as described by Bollag et al.

to 109-1214J output. One hundred to two hundred replicate (30). Protelln concentr.athns were mea_tsured using the Pierce

MALDI mass spectra were collected, processed, and ana-BCA protein assay kit with BSA serving as the standard.

lyzed to determine an average change in mass relative to FOr protein modeling, the amino acid sequence of sMItB

the fully protonated sampleAMass) at each GdmCl _(P41052) chkmg the 17 N-terminal amino acids co_rrespo_nd-

concentration. The mass of deuterated sMItB was determinednd t0 the signal sequence and the lipidated cysteine residue

with a two-point internal calibration utilizing BSA [M+ was modeled using 3D-PSSMBY, 32) and the high-

H] and [M 4 2H] as an internal standard. All H/D exchange esolution three-dimensional structure & coli SIt35

experiments were performed in duplicate using separate(1QDR) as the template.

preparations of enzyme. The masses of individual protein RESULTS

species were obtained by taking the centroid at 80% peak

height. Hypothetical Structure of sMItBLhe P. aeruginosaMItB
Analysis of H/D Exchange Datdhe data were plotted sequence shares 72% identity withcoli SIt35, the naturally

as AMass (deuterated mass fully protonated mass) vs  derived 36 kDa soluble derivative of MItB. Given this strong

GdmCI concentration. A nonlinear least-squares analysis sequence similarity, the hypothetical three-dimensional struc-
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Ficure 2: Hypothetical structure d?. aeruginosaMItB modeled
on the crystal structure d. coli SIt35 (1QDR). The positions of

the residues identified in Table 1 are shown.

Table 1: Comparison of Residues in the Peptidoglyan-Binding Cleft

SIt35 and sMitB

SIt35—murodipeptide complex sMItB
subsite contactd equivalent residde
-2 Tyr259 Qy---03 GIcNAc Tyr260
Ser230 @---07 GIcNAc Ser230
Met227 N--O7 GIcNAc Met227
-1 GIn98 Ne2:--:O7 MurNAc GIn100
Tyr338 Oy++:06 MurNAc Tyr338
Glul62 G:2---O6 MurNAc Glul62
Arg187 Ny—COD-Glu Arg187
Arg188 Ny---+O10 MurNAc Arg188
+1 Glul62 @2---03 GIcNAc Glul62
Asn339 Ny2---:O4 GIcNAc Asn339
+2 Vall61 O--O6 MurNAc Vall61l
GIn207 G:1---O1 MurNAc Gly207
His343 Ne---Od p-Glu His343

a Residues within 3.5 A of muropeptides observed in crystal structure
of SlIt35-muropeptide complex and proposed to form) (hydrogen
bonds or ) salt bridge 84). ® Residues in bold denote equivalence

in both identity and sequence position.

ture of sMItB was modeled on the high-resolution crystal
structure of SIt3533, 34). The E-value associated with this
prediction was 8.2 10 “?indicating a very high level of
confidence E-values below 0.05 are highly confiden81(

Reid et al.
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FIGURE 3: Size-exclusion chromatography of sMItB on Superdex
75 with 10 mM sodium phosphate buffer, pH 7.0 as eluant. Inset:
Calibration curve for the column.

domain which also contains 11 of the 12 residues known to
form either hydrogen bonds or salt bridges to peptidoglycan
fragments 83). Nine of these identical 11 residues are located
in the same positions as their SIt35 counterparts. Residues
101-108 form the “exo-loop” seen in the SIt35 structure
(residues 99108) which is thought to impose the exo-lytic
activity of these enzymes (viz., release of disaccharide
peptides from the nonreducing ends of peptidoglycan strands)
(34). Finally, the predicted catalytic domain also possesses
the EF-hand loop, involving residues 237245 (seven of the
nine residues are identical while the other two represent
conservative replacements) which is observed in the SIt35
structure (residues 232245) 34) and known to bind calcium
(39).

Oligomerization of sMItBThe quaternary structure of a
protein has to be established to properly calculate the
dissociation constants for proteitigand interactions using
the SUPREX method. The ability of sMItB to form multimers
was examined by size-exclusion chromatography on Super-
dex 75. As seen in Figure 3, sMItB eluted as a single
symmetrical peak with an apparent molecular mass of 46.2
kDa. This corresponds closely to the theoretical mass of the
protein (38973 Da) and that determined by SEHEAGE
(40.5 kDa) (data not shown), thus indicating that sMItB
remains in monomeric form.

H/D Exchange ConditionsThe denaturation profile of
sMItB was investigated by incubating the protein in GAmCI
for exchange times varying from 5 to 60 min. The mass
spectra of sMItB in the presence of exchange buffer showed
an increase in the protein mass with increasing denaturant
concentration (Figure 4). An incubation time of 15 min at
room temperature resulted in a sigmoidal curve and appeared
to be optimal for this protein (data not shown).

Extraction of the protein from the exchange buffer was

32). Not surprisingly then, the model predicted a structure effected by the use of Lor Cig Zip-tips. Effective and

for sMItB (Figure 2) that was nearly superimposable on that reproducible concentration and washing of the protein was
of SIt35. Thus, like the SIt35, sMItB is composesd of three obtained with the € Zip-tip. The protein was eluted into
domains,a, B, and core, where the core domain resembles varying volumes of sinapinic acid matrix{b uL) with and

the fold of the goose-type lysozymes. This similarity with without the internal calibration standard BSA present.
SIt35 extended to the size of the active-site cleft accom- Extraction of sMItB into 5uL of sinapinic acid was found
modating a tetrasaccharide ligand (i.e., four sub-sites) andto sufficiently elute the protein. MALDI MS analysis of
the positioning of active-site residues known to make contactssMItB showed that the addition of BSA enhanced the
with bound ligands (Table 1). Thus, Glul62, the putative ionization of sMItB and thus provided an increase in
catalytic residue, is found within a deep groove of the core sensitivity.
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Ficure 4: Representative MALDI MS spectra of sMItB. The spectra were obtained after incubation of sMItB in the absence of ligand for
15 min in H/D exchange buffer containing (A) 0 M, (B) 1 M, and)(&M GdmClI.

Analysis of MALDI MS peak widths of sMItB under the

data. The determination of two binding sites in sMItB for

exchange conditions using the method described by Rob-this ligand is in agreement with that observed directly by

ertson and co-workers36, 37) indicated that the protein
followed EX2 exchange. With the EX2 exchange limit, only

X-ray crystallography for the SIt35 homologu@3( 34).
Kg Determinations Using the SUPREX procedurdy

one population of deuterated sMItB molecules is detected values were calculated on the basis of sMItB existing in a
by MALDI MS during the time course of H/D exchange monomeric state, as previously determined by size-exclusion
resulting in relatively symmetrical peaks. Also, analysis of chromatography and assuming binding of two ligands (i.e.,

protein refolding of sSMItB by both mass spectrometBg)
and gel filtration 89) did not result in the detection of

n = 2). A shift in the denaturation profile of sMItB by H/D
exchange was observed when Mur and its adducts, MurNAc,

intermediates (data not shown) indicating that the enzyme pjurNAc-dipeptide, and GIcNAcMurNAc-dipeptide, were

appears to follow a two-state folding process.

added to reaction mixtures. Titration of the enzyme with

Denaturant Dependence of Binding Reaction and Deter- these peptidoglycan derivatives thus permitted the determi-

mination of Binding Site NumberThe dependence of
denaturant on the binding reaction of various ligands to
sMItB was determined by measuring ligand-induced stability
changes at differer®"/%sprexvalues (Figure 5). The stability
changes observed witN-acetylmuramic acid at different
exchange times revealed that thAG:° values are linearly
dependent on theé"%syprexvalues used to calculate thes;°
value for the complex (Figure 5). From this linear relationship
the m, value PAG°/6[GdmCI]) of —9.10 kcal mott M~
was obtained.

To determine the number of binding sites, sMItB was
incubated with varying concentrations of MurNAc-dipeptide
and the apparent SUPREX-derivefAG:° values were
calculated. ThAAAGs°® values obtained from these ligand
dependent data were then used in eq 2 to calculat&ghe
values. Using am-value of 2 (corresponding to 2 MurNAc-

nation of Ky values from which AGpinging Values were
calculated. The results of these binding experiments are
summarized in Table 2. From these data, it is clear that the
presence of each additional moiety enhanced binding of Mur
to sMItB with the greatest gain in affinity being conferred
by the acetylation of its amine followed by the addition of
GIcNAc to the MurNAc-dipeptide. The free energy contribu-
tions for the various substitutions associated with the
peptidoglycan ligands are summarized in Figure 6. In contrast
to the effect observed with these Mur-containing ligands,
no shift was observed in the denaturation profile of sMItB
when GIcNAc alone was added to the H/D exchange buffer.
The binding data obtained by the SUPREX method were
in close agreement with th€, values obtained by difference
UV absorbance spectroscopy. Difference spectra showed a
negative trough at 277 nm with a red shift upon binding of

dipeptide binding sites) provided the best fit of the observed MurNAc-containing ligands to the protein. These red shifts
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Table 2: Binding Affinity of Ligands toP. aeruginosasMItB

SUPREX UV difference
CY%supres? AAGP Kad AGpinding’ K@ AGpinding
ligand (M) (kJ/mol) (mM) (kJd/mol) (mM) (kd/mol)
1.75+ 0.012

GIcNAC nd nd nd nd
Mur 2.22+0.036 —0.460+ 0.059 3.78+ 0.502 —-13.7
MurNAc 2.874+ 0.604 —1.024+0.214 1.30+ 0.283 —-16.4 1.67+ 0.156 —15.7
MurNAc-dipeptide 3.4Gt 0.495 —1.5440.224 1.05+ 0.356 -16.9 0.309+ 0.160 —-19.1
GIcNAC-MurNAc-dipeptide 3.640.106 —1.794 0.383 0.46A-0.051 —-18.9 0.175+ 0.079 —20.6

a All SUPREX experiments were performed at room temperature with an exchange time of 15 min with GdmCI as dehatahzed.calculated
using AG; values obtained from eq 1 (i.eAGxigand) — AGinoigand). ¢ Values calculated from the averaged experimentally obtaltiedalues.
d Standard deviation of 3 separate experimeh&andard deviation of 2 separate experiments using different preparations of SMitBdetected.

200

8

6
[GdmCI] (M)

2 4

AAG’, (kcal/mol)

1 2
C% pmex (M of GdmCI)
Ficure 5: Representative SUPREX curves for sMItB in the
presence of MurNAc. (A) Denaturation curves of ¥ sMItB
in the presence of 295M MurNAc and H/D exchange buffer
containing the indicated concentrations of GdmCI following incuba-
tion at ambient temperature fo®) 5 min, @) 15 min, and 4) 30
min. These curves yielde@/2syprexVvalues of 0.1, 3.25, and 3.75
M GdmCl, respectively. (B) Determination of binding SUPREX
my, value.

AAG =-2.00 kJ mol"!

AAG = -2.63 kJ mol!

NH O

AAG = -0.52 kJ mol!
OH
o

HoN
FiIGure 6: Free energy contribution of structural features of
peptidoglycan subunit GIcNAc-MurNAc-dipeptide to binding to
sMItB. The AAG values were calculated usidgs values listed in
Table 2 and are relative to the next smallest peptidoglycan substrate
(e'g-aAGMurNAc - AG‘Mur)-

four different model protein ligand complexeX?). The main
advantage that the SUPREX technique holds over other more
traditional techniques is that only small amounts of protein
and ligand are required for the experiments. This is especially
advantageous when attempting to study membrane-bound or
-associated enzymes that are sparingly soluble, as is the case
with the LTs. It is also conceivable that future studies could
involve the membrane-bound form of the enzyme provided
that an appropriate matrix is used to permit its laser
desorption ionization for MS analysis. That the SUPREX
technique lends itself to a high-throughput assay for the
assessment of changes in substrate binding is an added bonus.
Analysis of the binding affinity of the substrates presented

indicate a conformational change of an aromatic residue (0, Tapje 2 identifies the important structural features involved

a more nonpolar environment. Saturation curves of sMItB
titrated with these ligands and transformation of the data
provided theKq values listed in Table 2. Again, in contrast,
addition of GIcNAc alone to sMItB showed a small positive
peak at 277 nm which can be attributed to nonspecific
binding to the protein.

DISCUSSION

Our use of H/D exchange coupled with MALDI mass
spectrometry has proven to be a highly effective tool for
studying the substrate affinity of carbohydrate-binding
proteins. The dissociation constani; (falues) determined
by the method sMItB-complexes with small ligands were
generally in good agreement witky values measured by
the more conventional difference UV spectroscopy method.

in ligand binding to sMItB (Figure 6). As observed with both
the SUPREX and difference spectroscopic techniques, GIcNAc
alone does not appear to bind with any measurable affinity
to sMItB while K4 values of 3.8 mM and 1.3 mM were
determined for Mur and MurNAc, respectively. The lack of
detectable GIcNAc binding was not totally unexpected given
previous observations that this monosaccharide does not
inhibit sMItB activity (16). In addition, kinetic studies with
both sMItB (L6) and theE. colihomologue 40) have shown

the absolute requirement of peptide side chains on pepti-
doglycan for lytic activity by these enzymes. Unlike mura-
midases such as hen egg-white lysozyme, the LTs are
incapable of cleaving chitin (poly GIcNAc) or any of its
soluble and chromogenic/fluorgenic derivatives, such as
nitrophenyl- or methylumbelliferyl-chitooligosaccharides. In

The slight variance between these ligand binding data is this regard, however, it has been proposed that the LTs may

consistent with that found by Powell et al. in their study of

require elements of MurNAc residues and/or associated
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peptides for their mechanism of action in a substrate-assistedvariety of cellulases are weak and in the mM rang 43).
manner 83). Taken in context, these enzymes are naturally in the presence
The only difference between the structures of GIcNAc and of insoluble substrate (cellulose, peptidoglycan) and act at
MurNAc is the presence of e-lactyl group at C-3 of the  the solution/solid interface. In its natural state, MItB1 is lipid
latter (Figure 1), and, as indicated in Figure 6, major anchored to the outer membrane and likely comprises a
contributions to binding of the peptidoglcyan-derived ligands biosynthetic complex with the PBPs that are associated with
occur through this moiety and its associated peptides. Thus,the cytoplasmic (inner) membran®) (This complex is thus
the presence of the C-3 lactyl moiety of muramyl residues thought to sandwich the insoluble peptidoglycan and be
appears to be vital for the proper orientation of ligands into forced into place by the internal turgor pressure of the cell.
the active site cleft of sMItB, and presumably all other LTs. Clearly, the in vitro conditions of our experiments do not
This is reflected by the extensive network of contacts that come close to mimicking this natural situation. Finally, it
are observed in the crystal structurebofcoli SIt35-ligand should be noted that thi€y values obtained with the more
complexes between the enzyme and botlotiectyl moiety extensive peptidoglycan fragments used in this study do
and the stem peptide of the ligands at subsitésand+2 approach the appareHiy value of 72.1uM estimated for
(33) (Table 1). For subsite-1 which is adjacent to the site  sMItB acting on the insoluble substratégy.
of cleavage these include a hydrogen bond between the By virtue of its unique chemical structure in nature and
invariant Arg188 residue and the carbony! of thdactyl its importance to bacterial cell viability, the metabolism of
group, and a salt bridge between the highly conserved peptidoglycan has been well exploited as a target for
Arg187 residue 14) and the freen-carboxyl group of the  antibacterial drug development. Unfortunately, some of these
y-glutamyl residue of the stem peptide. Likewise at subsite antibacterials are quickly becoming irrelevant for clinical use
+2, contacts include a hydrogen bond between the analogousis drug resistance levels increase in human and animal
carboxyl group of the stem peptide on this second MurNAc- pathogens. For example, the prevalencefdactamases
dipeptide and His343. It would seem safe to assume thatamong a variety of important pathogens has seriously
similar binding interactions would exist in tife aeruginosa  compromised the general therapeutic use ofAHactams
sMItB—substrate complex given that (i) the enzyme shares (monobactams, penicillins, cephalosporins), compounds that
72% sequence identity with SIt334), (i) all but three of  are functional analogues of the stem peptide portion of the
the twelve residues known to form hydrogen bonds to ligand peptidoglycan-repeating unit. Using a different mode of
exist in exactly the same positions in the sMItB sequence resistance, vancomycin-resistance in enterococci (VRE)
(Table 1; two of the three are identical but simply shifted arises when alterations to the stem peptide of the organism
by one or two residues), (iii) the two enzymes share identical are made resulting in a decreased affinity for the antibiotic
secondary structure composition as determined experimen-<44). In contrast to the chemically heterogeneous stem
tally (41, 42), and (iv) the sMItB sequence could be modeled peptide, all peptidoglycans characterized to date are com-
onto the three-dimensional structure of SIt35 with very high posed of the same repeat unit of disaccharide (viz., GIcNAc-
confidence. It should also be noted that the famili.Xcoli B(1—4)-MurNAc). This consistency underscores the prospect
SIt70 catalytic domain is very similar to that of familyE3 of designing antibacterials that target enzymes involved in
coli SIt35 (root-mean-square deviation of 1.7 A for 108 C  its metabolism for which the development of resistance
atoms) despite lacking any significant overall sequence would be more difficult to achieve. Thus, despite the
similarity (33, 34). Preliminary support for the participation  alarming trends of antibiotic resistance, the metabolism of
of sMItB residues in ligand binding is provided by observa- peptidoglycan still presents potential targets for new drug
tions that the Arg188Ala mutant and Arg187Ala/Arg188Ala development, including the LTs. The apparent ubiquity of
double mutant derivatives of the enzyme have diminished | Ts among the bacterid §) further supports their potential
specific activity (70% and 32% of wild-type, respectively) as an antibacterial target, and the application of the SUPREX
(41). While GIcNAc alone does not appear to bind to sMItB, method described herein will greatly facilitate their further
its presence to extend the glycan chain does enhance bindingjevelopment.
affinity of MurNAc ligands as reflected in thAAG of 2
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