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ABSTRACT

As the protein sequence and structure databases expand, the relationships between proteins, the notion of
protein superfamily, and the driving forces of evolution are better understood. Key steps of the synthesis of
the bacterial cell wall peptidoglycan are revisited in light of these advances. The reactions through which the
p-alanyl-p-alanine depeptide is formed, utilized, and hydrolyzed and the sites of action of the glycopeptide
and B-lactam antibiotics illustrate the concept according to which new enzyme functions evolve as a result of
tinkering of existing proteins. This occurs by the acquisition of local structural changes, the fusion into mul-
timodular polypeptides, and the association into multiprotein complexes.

INTRODUCTION

THE TRANSLATION OF GENETIC INFORMATION into biological
activity is achieved by the conversion of a newly synthe-
sized polypeptide chain into a compact, correctly folded pro-
tein.® The folding code is still far from being understood.
Nascent proteins fold rapidly, in seconds or less, in spite of the
fact that the time that would be needed to search all potentially
accessible conformations is astronomical. The solution to this
paradox is that an essential step in protein folding is the for-
mation of a “molten globule.” This species lacks the persistent
tertiary interactions characteristic of the native state, but it al-
ready possesses extensive secondary structures that are major
elements of the native topology. From this intermediate, the re-
maining search for correct folding is only over a limited con-
formational area. Moreover, the cells possess many factors that
assist folding and minimize and/or correct misfolding events.

The distribution of amino acid residue types along the
polypeptide chain is a major determinant of secondary and ter-
tiary structures. Yet, the number of distinct folds adopted by
the proteins is limited. Proteins having 25%, or more, of their
sequences in common adopt the same folded structures. But, at
the same time, an increasing number of proteins are being re-
vealed that have similar folds and statistically insignificant sim-
ilarities.32 Hence, proteins unrelated in sequence and function

may diverge from a common protein ancestor while retaining
the same basic polypeptide fold. It has been reported>? that 2511
polypeptide chains cluster into 212 amino acid sequence fam-
ilies (25%, or more, identities) and into only 80 single domain
polypeptide fold families. In consequence, a classification has
been considered that extends the sequence-based superfamilies
to include proteins with similar three-dimensional structures but
no sequence similarity. One may also note that nine superfolds
dominate the protein database, representing more than 30% of
all determined structures.32 Often, evolution obscures the func-
tion.

The pathway of the bacterial cell wall peptidoglycan synthesis
shown in Figure 1 is that of Escherichia coli. It applies to all bac-
teria possessing a wall peptidoglycan. From the MurA UDP-N-
acetylglucosamine enolpyruvate transferase,* which catalyzes the
first committed step of the pathway in the cytoplasm, to the peni-
cillin-binding proteins that assemble the polymer from the disac-
charide-pentapeptide-lipid II intermediate on the outer face of the
membrane, all the reactions are bacteria-specific. The lipid II in-
termediate is a -1, 4-linked N-acetylmuramyl-N-acetylglu-
cosamine disaccharide, the N-acetylmuramic acid of which is sub-
stituted by a D-alanyl-D-alanine-terminated pentapeptide via a
p-lactyl-L-alanine amide bond and the C-1 atom is attached to the
intracellular end of a transmembrane undecaprenyl lipid carrier via
a pyrophosphate. Lipid II is a key intermediate. It is, at the same
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FIG. 1. Wall peptidoglycan synthesis pathway. The PBP pattern shown is that of E. coli in which case the diamino acid residue
L-Xaa is meso-diaminopimelic acid. G, N-acetylglucosamine; M, N-acetylmuramic acid; Tpase, transpeptidase; Tglyase, transg-
lycosylase. The sites of cleavage of peptidoglycan hydrolases are shown: 1, N-acetylmuramidase; 2, N-acetylmuramoyl-L-alanine
amidase; 3, endopeptidase. The PBPs are inactivated by penicillin. Penicillin is hydrolyzed by the B-lactamases. In some bacte-
ria, B-lactamase synthesis inducibility is mediated by a receptor (see Fig. 7). The PBPs, the majority of the B-lactamases, and
the BlaR-type penicillin receptors belong to the superfamily of penicilloyl serine transferases.

time, the product of the “cytosolic” stage and the substrate of the
“wall” stage of the synthesis.

The Ddl p-Ala-p-Ala ligase, the low-molecular-mass peni-
cill-inbinding proteins (PBPs), and the B-lactamases have one
single catalytic function. Some peptidoglycan hydrolases, the
BlaR-type penicillin receptors, and the high-molecular-mass
PBPs are multimodular polypeptides. Sets of PBPs and non-
penicillin-binding proteins associate into multiprotein com-
plexes (not shown in Fig. 1) and form morphogenetic networks.
These systems of increasing complexity are examined succes-
sively. With few exceptions, references are made only to pa-
pers published from 1993 to 1995.

D-ALA-D-ALA AND p-ALA-p-LACTATE
(ATP:ADP + P;) LIGASES

In E. coli, the lipid II intermediate is formed by the sequen-
tial addition of L-Ala, D-Glu, meso-Apm, and a preformed
D-Ala-D-Ala to UDP-N-acetylmuramic acid by the MurC,
MurD, MurE, and MurF adding enzymes, respectively (Fig. 1).
The p-Ala-D-Ala dipeptide is synthesized by the Ddl adding en-

zyme. The MraY and MurG transferases catalyze the attach-
ment of the N-acetylmuramyl pentapeptide to the lipid carrier
and the subsequent addition of N-acetylglucosamine, respec-
tively.

The synthesis of the p-Ala-p-Ala dipeptide (Fig. 2) begins
with the attachment of a first p-alanine residue on the vy-phos-
phate of adenosine triphosphate (ATP) to yield an acyl phos-
phate, followed by attack by the amino group of the second
D-alanine residue to produce a tetrahedral intermediate, which
then eliminates the phosphate group to give the p-Ala-p-Ala
dipeptide. The DdIB p-Ala-p-Ala ligase of E. coli is made of
three domains,'4 each folded around a 4- to 6-stranded B-sheet
core, and the ATP-binding site is sandwiched between the
B-sheets of the carboxy-terminal and central domains. A helix
dipole and the hydrogen-bonded catalytic triad E15, S150, and
Y216 assist binding and deprotonation steps.

The insertion of lipid-transported, but as yet non-cross-linked
disaccharide pentapeptide units, in the growing wall peptido-
glycan must be achieved by transglycosylation at the level of
the glycan chains and by transpeptidation at the level of the
peptide chains if the process is to yield an insoluble network.
As discussed below, peptide cross-linking by transpeptidation



WALL PEPTIDOGLYCAN SYNTHESIS

0
G‘:S \\/-
0.,

\

ATP ) Pt EH3\\ D-Ala
o 0N -
" P,/\ /P\\K—\%_/‘% "T/_,HN\ G276
N\ O\ O O oS
0 0 T~ Hy N Rpsg
ADP
@5\\/—0 I\
/,’0\\\H3N' s
W _ G276 D-alanylphosphate
o 03P 0]
6150/ ° = R2t5
H ZIANHY .
N
\ O-. -Ala
\Jze, L A i TP
\‘H3C \O,-f
\-h./‘ \ a11
,H(‘
l S281
HyN+ CH3 HoN /CH3
\‘/ N,
0,PL 8~ -
3"~o , 0 Y—-—» HN<
H—TH' HPOZ- !‘COE
\C - Hs
H3C 02
T1 D-Ala—D-Ala

FIG. 2. Synthesis of the p-Ala-p-Ala dipeptide by the Ddl
(ATP:APP + P)) ligase.

is a reaction in which the carboxy-terminal p-alanyl-p-alanine
moiety of a pentapeptide precursor serves as carbonyl donor.
The glycopeptide antibiotics bind tightly to the dipeptide moi-
ety of the lipid-transported disaccharide—pentapeptide precur-
sors, preventing cross-linking.

Resistance to the glycopeptide vancomycin in enterococci
results from changes in the peptidoglycan biosynthetic path-
way.?” In VanA and VanB strains, the dipeptide p-Ala-D-Ala
of the peptidoglycan precursor is replaced by the depsipeptide
p-Ala-p-lactate. This change does not limit the activity of the
transpeptidase that catalyzes cross-linking, but it results in, at
least, a 1000-fold decreased binding affinity of vancomycin for
the peptidoglycan precursor. The D-Ala-D-Ala and D-Ala-D-lac-
tate ligases have 30% of their sequences in common. ' Hence,
conversion of one ligase into the other requires a great extent
of local changes but it does not alter the fold topology. The cru-
tial E15 and S150 are conserved, but notable differences also
occur in the active site, the most significant one being the sub-
stitution Y216 — K.

The DdIB p-Ala-D-Ala ligase and the y-glutamyl cysteine-
glycine ligase (or glutathione synthetase) couple activation of
an acyl group and hydrolysis of ATP into ADP and P; to pro-
vide the thermodynamic driving force for peptide bond syn-
thesis. The two synthetases perform different functions (glu-
tathione is the major determinant of the oxidation-reduction
state of the cells). They lack amino acid sequence similarity
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(10% identities). Yet they show a remarkable fold similarity.!’
Their common signature fold and catalytic site may be charac-
teristics of a particular superfamily of ADP-forming peptide
synthetases. The MurC, MurD, MurE, and MurF ligases and
the y-glutamic acid-cysteine ligase (the reaction product of
which is the substrate of the glutathione synthetase) also per-
form peptide bond formation with concomitant hydrolysis of
ATP into ADP and P;. They might be other members of the
same superfamily.

MONOFUNCTIONAL PENICILLIN-BINDING
PROTEINS AND B-LACTAMASES

Serine-assisted transpeptidation between a D-Ala-D-Ala-ter-
minated pentapeptide precursor acting as carbonyl donor and
the w-amino group of the L-Xaa residue of another peptide act-
ing as amino acceptor does not require an input of energy and,
therefore, can result in peptide bond formation at exocellular
sites where ATP is not available.

The transpeptidation reaction requires a precise proton ab-
straction—donation (Fig. 3). In step 1, the C-terminal p-Ala-p-
Ala dipeptide moiety of a pentapeptide precursor must bind to
the active site of the enzyme in a position that allows the pro-
ton of the YOH of the active-site serine (S*) to be abstracted,
the activated OyS” to attack the carbonyl of the p-Ala-CONH-
D-Ala scissile bond, and the abstracted proton to be back-do-
nated to the adjacent nitrogen atom. In step 2, the serine (S*)
ester-linked peptidyl enzyme must adopt a conformation that
allows the proton of the w-amino group of the L-Xaa residue
of another peptide to be abstracted, the activated NH to attack
the carbonyl of the ester bond, and the abstracted proton to be
back-donated to the OyS* atom. Backbone amino groups of the
enzyme cavity (denoted E-NH in Fig. 3) polarize the carbonyl
of the p-Ala-D-Ala peptide bond in step 1 and the carbonyl of
the peptidyl enzyme ester bond in step 2.

Because the dipeptide p-Ala-D-Ala (in its extended confor-
mation) and penicillin are nearly isosteric, the transpeptidase
also reacts with penicillin. But because the scissile B-lactam
amide bond is endocyclic, the serine (S*) ester-linked penicil-
loyl enzyme is very long lived. The transpeptidase is inacti-
vated and behaves as a PBP (Fig. 4).

An evolutionary scenario has been proposed'8 through which
acquisition of new functions from a putative DD-transpepti-
dase/PBP ancestor is achieved by local changes (Figs. 3 and 4).
Catalyzed hydrolysis of the ester bond of the peptidyl enzyme
with conservation of the inertness of the penicilloyl enzyme
gave rise to the monofunctional pp-carboxypeptidases/PBPs.
They may control the extent of peptidoglycan cross-linking.
Conversely, catalyzed hydrolysis of the penicilloyl enzyme with
loss of peptidase activity gave rise to the defensive, penicillin-
hydrolyzing S-lactamases.

The monofunctional PBPs and the majority of the B-lacta-
mases known today are acyl serine transferases. They fall into
several amino acid sequence classes Similarity among mem-
bers of a given class (i.e., intraclass similarity) forms a con-
tinuum, the cut-off points being = 20% identities. Interclass
similarity is almost nonexistent. Similarity is not always related
to function. There is more similarity between the Streptomyces
K15 pb-transpeptidase/PBP and the class A B-lactamases, or



166

Carbonyl donor

R~~D-Ala—C<NH—-D-Ala—CO00"

T1 Peptidyl

R~D-Ala—C—NH—D-Ala—C00"

i / N\
0 0.
- H 'H
|
NN

GHUYSEN ET AL.

enzyme

RrD-Ala—C —0)-S*-E
0

D-Ala

R~~D-Ala—C—0)-S*E
]
0 - H,,o\
|
N
\e
Amino

—NH
acceptor X=NH,

R~ D-Ala- c OP L 3

Product

R~ D-Ala— C NH=-X

: bD- transpeptldase

E-STO)H

NH—X

RMD—Ala—ﬁ—O)’—S'-'-E
0.
0 T

N N

\E/

Water HOH

RAD-Ala-C —0p-S*E
RN

R~D~Ala—C—0OH
]

OH 0
: DD-carboxypeptidase

E-S*:0)H

FIG. 3. Acyl transfer reactions on p-alanine-p-alanyl-terminated peptides via formation of a serine-ester-linked peptidyl en-
zyme. Attack of the peptidyl enzyme by an amino acceptor leads to transpeptidation of the carbonyl donor. Attack by water leads
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between the Streptomyces R61 pp-carboxypeptidase/PBP and
the class C B-lactamases than between the class A and the class
C B-lactamases.

The K15 PBP, the R61 PBP, and several class A and class
C B-actamases are of two domains (Fig. 5).!® One domain is
of a-helices and the other domain is a five-stranded B-sheet
core that is covered by additional a-helices. The active site that
is sandwiched between the two domains, is a dense hydrogen-
bonding network interconnecting water molecules and the side
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FIG. 4. Acyl transfer reactions on penicillin via formation of
a serine-ester-linked penicilloyl enzyme. With the PBPs, the re-
action stops, at least for a long time, at the level of the peni-
cilloyl enzyme. With the B-lactamases, the reaction proceeds
to hydrolysis of penicillin.

chains of amino acid residues at the boundary of the cavity.
This fold topology accommodates many local structural varia-
tions. With x denoting any amino acid residue, the tetrad S*xxK
is located centrally at the amino end of an a-helix of the all-a
domain. The triad [K/H] [T/S]G is on the innermost B3 strand
of the B-sheet on one side of the cavity, and the triad SGC (the
K15 PBP), YxN (the R61 PBP and the class C B-lactamases),
or SDN (the class A B-lactamases) is on a loop connecting two
helices of the all-a domain on the other side of the cavity. The
class A B-lactamases have an additional active-site defining mo-
tif, the pentapeptide EXELN, located at the entrance of the cav-
ity near the bottom of the -3 strand. Compared with the K15
PBP and the class A B-lactamases, the R61 PBP and the class
C B-lactamases have additional loops and secondary structures
away from the active site.

In spite of differences in function, the monofunctional ppD-
peptidases/PBPs and B-lactamases have retained much of the
same fold and much of the same active-site signature in the
form of the motifs S*xxK, [S/Y]xN or analogue, and
[K/H/R][T/S]G. They also have retained much of the same cat-
alytic machinery. They each catalyze rupture of the B-lactam
amide bond with transfer of the carbonyl carbon to the serine
(S*) residue and formation of a serine ester-linked penicilloyl
enzyme. On the basis of this common property, they form a su-
perfamily of peniciloyl serine transferases. They also catalyze
acyl transfer on acyclic carbonyl donors

R1-CONH-CH(R?2)-COX-CH(R3)-COOH

where X is NH, O, or S. The substituents R1, R2, and R3, the
nature of the scissile (peptide, ester, thiolester) bond, and the
reaction pathways are class- and enzyme-specific.32!

The specificity, fate, and rate of the catalyzed reactions de-
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pend on the accuracy of fit of the ligands (peptide, ester, thio-
lester, B-lactam carbonyl donors; amino acceptors) in the en-
zyme cavity. Catalysis also depends on the efficacy with which
amino acid residues of the active site fulfill the required func-
tion of general base catalyst (abstracting the proton of the
YOHS" in step 1 and that of water or an amino acceptor in step
2) and provide an itinerary through which the abstracted pro-
ton can be back-donated to the right atoms in each step of the
reaction.

An extensive study of the PBPs and B-lactamases of known
three-dimensional structure by site-directed mutagenesis and
molecular modeling has failed to identify, with certainty, the
route that the proton uses during catalysis.!” At this level of the
investigation, 107 1% m, quantum effects rule the nanoworld and
the proton shuttle can be disclosed only by the methods of quan-
tum chemistry. Such methods are being developed. Studies car-
ried out on chymotrypsin have led to the concept that the charge
relay of an acyl serine transferase is created, de novo, by the
interacting partners, the enzyme, and the ligand.®” The creation
of the charge relay results from the combined effects of the ac-
tive-site environment, the deformation undergone by the bound
ligand(s), the relaxation undergone by the enzyme polypeptide

DD-peptidase of Streptomyces K15

SYTTK. ESGE KTGS

Class A [ —lactamase of Escherichia coli TEM—1

S*TKK

SDN‘L KSGA

EPELN
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backbone, and the freedom of one or several water molecules.
Hence, enzymes of a same family or even a same class can use
more than one proton-shuttle route depending on structural fea-
tures of the active site and/or the bound ligand. The naturally
occurring B-lactamases of classes A, C, and D and the ease with
which B-lactamase mutants emerge among clinical isolates
support this concept. In recent years, at least 26 -lactamases
of varying specificities have been identified. They each arose
by alteration of amino acid residues in the class A TEM-1 B-
lactamase. Evolution is occurring before our eyes.

In conclusion, the monofunctional penicilloyl serine trans-
ferases have evolved and are still evolving with preservation
of a characteristic signature fold and much of the same ser-
ine-assisted acyl transfer machinery. They illustrate the prin-
ciple according to which evolution obscures the function. The
catalytic properties of a member of the superfamily cannot be
deduced from its amino acid sequence and even fold topol-
ogy. Direct biochemical evidence is required. Finally, the
monofunctional penicilloyl serine transferases are highly
adaptable structures. The essential serine residue may be ac-
tivated by different general bases and several proton shuttle
routes may be used.

DD-peptidase of Streptomyces R61
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FIG. 5. Peptide fold of monofunctional penicilloy! serine transferases. The Streptomyces K15 pp-peptidase/PBP functions as a
transpeptidase on D-alanyl-p-alanine-terminated peptides. The Streptomyces R61 pp-peptidase/PBP functions mainly as a car-
boxypeptidase. The E. coli TEM-1 B-lactamase and E. cloacae P99 B-lactamase are members of the amino acid sequence class
A and class C, respectively. The active-site defining motifs are indicated. For references, see Ghuysen.'® The atomic coordinates

of the K15 PBP will be published shortly.
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MULTIMODULAR WALL PEPTIDOGLYCAN
HYDROLASES

Monofunctional PBPs of E. coli are, at the same time, DD-car-
boxypeptidases and peptidoglycan hydrolases. They hydrolyze the
carboxy terminal p-alanyl-D-alanine peptide bond (made by the
D-Ala-D-Ala ligase) of the pentapeptide precursors. They also hy-
drolyze the carboxy terminal p-alanyl-(D)-meso-diaminopimelic
acid bond (made by the transpeptidase) that cross-links the pep-
tide unit in the completed peptidoglycan.

Streptomyces albus G secretes a non-penicillin-binding pb-
carboxypeptidase/peptidoglycan hydrolase. This metallo (zinc)
enzyme is constructed of two modules (Fig. 6).!° The arrow on
the right points toward the zinc-containing active site borne by
the 132 amino acid residue carboxy-terminal, catalytic (C) mod-
ule. The arrow on the left points toward the cavity borne by the
81 amino acid residue amino-terminal, noncatalytic (n-C) mod-
ule. The crevice (18.6 A/13.5 A) of the n-C module is defined
by two a-helical repeats (a2 and a3) each 16 amino acid
residues long, connected by a heptapeptide loop.

The n-C module of the Zn pp-peptidase is the prototype of
an amino acid sequence family of n-C modules also found in
the Bacillus subtilis CwlA and B. licheniformis CwlL N-acetyl-
muramoyl-L-alanine amidases and the Corynebacterium aceto-
butylicum N-acetylmuramidase (lysozyme). Similarity between
the n-C modules is high (30-50% identities), and, therefore,
one can be confident that they have the same fold. However
(with IP denoting an intervening peptide) the modular design
of the peptidoglycan hydrolases is different:

NH;-[n-C]-[C]-COOH for the Zn pp-peptidase
NH;-[C]-[n-C]-COOH for the CwlA amidase
NH;-[C]}-[n-C]-[n-C]-COOH for the lysozyme
NH;-[C]-[n-C]-IP-[n-C]-COOH for the CwlL amidase

Depending on the enzymes, the n-C module occurs at the amino
or the carboxy end of the C module in one or two copies and
the copies are either contiguous or connected by an interven-
ing peptide.

Acquisition of a substrate-binding module fused to the cat-
alytic module is an evolutionary advantage for exocellular en-
zymes that interact with and hydrolyze bonds in a polymeric
substrate. Peptidoglycan hydrolases have achieved this feat

non catalytic /

module

[n-C]

FIG. 6. Peptide fold of the bimodular Zn pp-carboxypepti-
dase/endopeptidase of Streptomyces albus G. Reproduced from
Ghuysen et al.,' with permission of Elsevier.
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through the interchange and local structural alterations of spe-
cialized modules. The likely function of these modules as sub-
strate recognition/binding sites would depend mainly on the
conserved amino acid residues. Substrate specificity and di-
rected topological activity would depend on the occurrence of
nonconserved amino acid residues and the location and copy
number of the n-C modules.

BIMODULAR PENICILLIN RECEPTORS

The bacterial cells are sensitive to virtually every aspect of
their environment and these environmental changes are moni-
tored by specialized sensory transducers. The dominant forms
of signal transduction proceed via phosphoryl transfer pathways
(the so-called two-component regulatory systems) or are asso-
ciated with sites of methylation and demethylation.

Bacteria have developed unique transduction pathways that
detect B-lactam molecules in the environment of the cell and
switch on the transcription of the B-lactamase encoding gene.
Induction of B-lactamase synthesis in a number of gram-nega-
tive bacteria is the result of B-lactam antibiotic-induced and pep-
tidoglycan hydrolases-mediated deregulation of the cell wall re-
cycling process.26:27 In the gram-positive Bacillus licheniformis,
the induction of B-lactamase synthesis rests upon the presence in
the membrane, of a penicillin receptor that results from a fusion
event through which a penicilloyl serine transferase polypeptide
is linked to the carboxy end of a signal transducer.?®

Regulation of transcription of the B-lactamase-encoding
blaP gene in B. licheniformis involves three-chromosome-borne
regulatory genes. blal encodes a 15-kDa repressor; blaR! en-
codes a penicillin receptor; the product of blaR2 is of unknown
function. Membrane topology experiments, predictional stud-
ies, and conformational analyses?® (unpublished data from this
laboratory and R. Brasseur) strongly suggest that the 601 amino
acid residue blaRI-encoded penicillin receptor BlaR has the
multipartite organization shown in Figure 7. Central to this
model is a four a-helix bundle defined by four transmembrane
segments TM1 to TM4. A 63 amino acid residue extracellular
domain connects TM2 and TM3. A 189 amino acid residue in-
tracellular domain that possesses the signature of a metallo-pep-
tidase (Zn?* binding site) connects TM3 and TM4. A 261
amino acid residue extracellular domain, the penicillin sensor,
is fused to the carboxy end of TM4. This sensor possesses the
active-site defining motifs (S*TYK, YCN, KTGT) of the peni-
cilloyl serine transferases superfamily. The sensor can be pro-
duced independently from the rest of BlaR as a water-soluble
polypeptide in the periplasm of E. coli. The isolated polypep-
tide binds penicillin and behaves as a high affinity PBP.

On the basis of this model, a likely and testable mechanism
of signal transmission by BlaR may be put forward. Penicillin-
induced conformational changes in the penicillin-bound sensor
and the interacting 63 amino acid residue extracellular domain
would be transmitted via the four a-helix bundle to the intra-
cellular domain with concomitant activation of the putative met-
allopeptidase. Degradation of the Blal repressor or release of
an antirepressor in the cytosol by the “activated” peptidase
would result in derepression of B-lactamase synthesis.

BlaR is the prototype of an amino acid sequence family of peni-
cillin receptors also involved in the penicillin-induced B-lactamase
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FIG.7. Schematic representation of the bimodular penicillin-
receptor BlaR of B. licheniformis. The penicillin sensor belongs
to the amino acid sequence class D S-lactamases.

and low-affinity PBP2’ synthesis in S. aureus.2° The $342-R601
polypeptide sensor of BlaR is, itself, a member of the amino acid
sequence class D B-lactamases (32% identities with the Oxa-2 8-
lactamase), suggesting a common signature fold. Hence, a peni-
cilloyl serine transferase of a given class (a B-lactamase) may ac-
quire a new property (penicillin sensing) through local changes
and fusion to another polypeptide, and the resulting chimeric pro-
tein may acquire a new function (gene regulation).

MULTIMODULAR PENICILLIN-BINDING
PROTEINS

The high-molecular-mass PBPs are also of modular design'?
(Table 1, Fig. 8). The amino acid sequence data are from the
literature,.2:12:34

A penicillin-binding (PB) module that belongs to and pos-
sesses the S*xxK, SxN, and K[T/S]G markers of the penicill-
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loyl serine transferases superfamily is fused to the carboxy end
of a non-penicillin-binding (n-PB) module in a single polypep-
tide chain that folds on the outer face of the plasma membrane.
The polypeptide itself is fused to an amino-terminal trans-
membrane-anchoring module. Inserts may occur that are large
enough to form additional modules. By analogy with the mono-
functional PBPs, the PB modules are assumed to start about 60
amino acid residues upstream from the S*xxK motif and to ter-
minate about 60 amino acid residues downstream from the
K[T/S]G motif. The n-PB modules also possess specific amino
acid markers, but the signature of the n-PB modules of the class
A multimodular PBPs is different from that of the n-PB mod-
ules of the class B multimodular PBPs.

As a polypeptide chain increases in length, finding the right
fold becomes more difficult because the possibilities of mis-
folding increase. Study of derivatives of multimodular PBPs
overproduced from appropriate expression (and secretion) vec-
tors shows that the acquisition of a stable, penicillin-binding
fold topology by the PB module is membrane-anchor indepen-
dent but requires concomitant biogenesis of the n-PB module.
As shown with the E. coli PBP1b3! and PBP3!¢ (unpublished
data), the S. aureus PBP2',%041 and the E. hirae PBP5 (un-
published data), replacement of the membrane anchor by a
cleavable signal peptide or substitution of the genuine anchor
by another transmembrane anchoring device has no effect on
the thermostability and penicillin-binding capacity of the PBP
mutants. However, elimination of both the membrane anchor
and the n-PB module (or part of it) or elimination of the n-PB
module with conservation of the membrane anchor is not tol-
erated. Moreover, expression of E. coli fis] genes encoding
PBP3 mutants in which E193 of motif 3* of the n-PB module
is replaced by D or N gives rise to membrane-bound proteins
that are very unstable, suggesting that motif 3* plays a role in
the folding process (unpublished data from this laboratory and
J. Ayala).

Intraclass similarity between the n-PB modules and the PB
modules, respectively, is a continuum with a cut-off point of
about 20% identities (Table 2). Interclass similarity between the
n-PB modules is nonexistent and interclass similarity between
the PB modules is very low. The PB modules of the class A
PBPs and those of class B PBPs have diverged so far that traces
of similarity other than the active site defining motifs have al-
most completely disappeared. The n-PB modules of the class
A PBPs and those of the class B PBPs form two distinct fam-

TaBLE 1. SIZE OF THE MULTIMODULAR PBPs IN NUMBER OF AMINO AciD RESIDUES AND POSITION OF THE ACTIVE SITE SERINE

Class A aa S* Class B ao S*
1. B. subtilis 1a/b 914 390 1. S. pneumoniae 2x 750 337
2. H. influenzae 1a 864 452 2. S. pneumoniae 2b 680 385
3. E. coli 1a 850 465 3. E. hirae 5,3 678 422
4. E. coli 1b 844 510 4. S. aureus 2’ 667 405
5. M. leprae 1 821 398 5. E.coli 2 633 330
6. S. aureus 2x 727 398 6. E. coli 3 588 307
7. S. pneumoniae 1a 719 370 7. N. gonorrhoeae 2 582 312
8. B. subtilis 1a 714 359 8. N. meningitidis 582 310
9. S. oralis 1a 637 371

10. B. subtilis 4 624 388
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module 2 .
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34-50
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FIG. 8. Design and amino acid sequence signatures of the multimodular PBPs of classes A and B. The distribution of the con-
served motifs, the average length of the intermotif sequence, and the occurrence of inserts (expressed in number of amino acid
residues aa) are shown. The data derive from the amino acid sequences of the PBPs listed in Table 1. S*, active-site serine; x,

variable amino acid residue; x, hydrophobic amino acid residue.

TABLE 2. IDENTITIES (%) BETWEEN THE ALIGNED AMINO ACID SEQUENCES OF HIGH-MOLECULAR-MASS PBPs?*
n-PB module PB module
PBP 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Class A Interclass Class A Interclass
Class A
1. M. leprae 100 26 27 24 |12 7 8 6 6/ 100 17 16 18 |10 11 12 11 1
1
2. E. coli 1a 100 57 22 8 6 8 7 7 100 52 24 |10 11 12 12 11
3. H. influ- 100 24 9 8 7 5 7 100 24 |11 14 13 13 11
enzae la :
4. E. coli 1b 100 9 6 8 7 8 100 |10 12 10 10 10
Class B Class B Class B
5. E. coli 2 100 26 22 20 20 100 24 28 17 23
6. E. coli 3 100 19 17 19 100 21 20 17
7. E. hirae 37 100 72 28 100 85 39
8. E. hirae 5 100 28 100 40
9. S. aureus 100 100
2!

2Data derived from a pile up alignments of the amino acid sequences (plurality: 9).
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ilies. The two families have a characteristic amino acid se-
quence and, presumably, fold signature, suggesting that they
have evolved from different polypeptide ancestors. As an n-PB
module of class A is linked to a PB module of class A and an
n-PB module of class B is linked to a PB module of class B, a
likely corollary of this class-specific modular design is that the
class A PBPs perform a different function (or different func-
tions) from that (those) of the class B PBPs. In consequence,
the effects of the inactivation of the class A PBPs on the cell
viability should be different from those of the class B PBPs.

In vitro, the purified class A PBPla and PBPI1b of E. coli
(and, perhaps, by extension other class A PBPs) are wall pep-
tidoglycan synthetases. They catalyze glycan chain elongation
and peptide cross-linking from the lipid II intermediate.
Inhibition of the n-PB/transglycosylase module of PBP1b by
moenomycine prevents peptide cross-linking while inactivation
of the PB/transpeptidase module by penicillin enhances glycan
chain elongation, showing that the two modules interact with
each other. Moreover, PBP1b contains a membrane association
site in addition to the transmembrane anchor®! and dimeric
forms of PBP1b are in close association with the peptidogly-
can.*?

In vivo, inactivation of the PB modules of PBP1a and PBP1b
of E. coli by B-lactam antibiotics causes peptidoglycan hydro-
lases-induced cell lysis. Deletion of the genes encoding PBP1a
and PBP1b is fatal, but deletion of either of the PBP1a- or the
PBP1b-encoding gene is tolerated, suggesting that one PBP can
compensate for another.

In vitro, the purified class B PBP3 of E. coli?! (unpublished
data) and PBP2x of S. pneumoniae®® catalyze serine-assisted
hydrolysis and aminolysis of thiolester carbonyl donors.
Bacterial strains having a reduced affinity for penicillin and
possessing one or several class B PBPs with reduced affinity
for the drug synthesize a wall peptidoglycan with a different
peptide moiety from that of the wild type.3¢ Hence, the PB mod-
ules of the class B PBPs are involved, one way or another, in
peptidoglycan cross-linking. However, the precise nature of the
catalyzed reactions remains to be elucidated. Indeed, the iso-
lated PBP3 of E. coli is inert on the lipid II intermediate! (un-
published results from this laboratory and J. Van Heijenoort).
Moreover, evolution may obscure the function of a protein and
fusion between polypeptides may result in the acquisition of a
new function (see preceding sections).

Given that the n-PB modules of the class B PBPs have a dif-
ferent amino acid signature from that of the n-PB modules of
the class A PBPs, they may not have a transglycosylase activ-
ity. The acyl transferase activity of their PB modules might be
coupled with the transglycosylase activity of the n-PB modules
of some class A PBPs. Such a situation implies that the class
A and class B multimodular PBPs interact with each other. One
may also note that the E. coli PBP3 forms dimers (personal
communication from N. Nanninga and J. Ayala).

In vivo, the primary effects of the inactivation of the PB mod-
ules of the class B PBP2 and PBP3 of E. coli by B-lactam an-
tibiotics are morphological abnormalities, followed by cell ly-
sis. Inactivation of PBP2 results in growth as spherical cells
(the rod-shaped maintenance machinery is no longer func-
tional). Inactivation of PBP3 results in growth as filamentous
cells (the septation machinery is no longer functional).
Inactivation of either of the PBP2- or PBP3-encoding genes of
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E. coli and of the PBP2b- or PBP2x-encoding genes of S. pneu-
moniae is not tolerated.

Like the monofunctional PBPs and B-lactamases, the multi-
modular PBPs are highly adaptable structures. Multimodular
PBP-mediated resistance to B-lactam antibiotics among gram-
positive pathogens has become a serious health problem.

In S. pneumoniae,'%2338 the first PBPs to be affected dur-
ing selection of laboratory mutants having a reduced affinity
for cefotaxime and piperacillin are the class B PBP2x and
PBP2b, respectively. The modified PBP2x and PBP2b confer
resistance upon transformation. Low affinity forms of PBP2x
and PBP2b and the class A PBPla are present in highly resis-
tant clinical isolates. Reduced affinity is the result of structural
changes affecting either a limited number of amino acid
residues or large blocks of amino acid sequences of the PB mod-
ules. Interspecies recombinational events occur that replace part
of a PBP-encoding gene with the corresponding parts from ho-
mologous PBP-encoding genes of closely related, naturally re-
sistant species.

The low-affinity class B PBP2’ of S. aureus® and PBPS5 and
PBP3r of E. hirae''?3 allow the strains that produce them to
grow and manufacture a wall peptidoglycan under conditions
in which all the monofunctional PBPs and the PB modules of
all the other multimodular PBPs are inactivated by penicillin.
The staphylococcal PBP2’ is chromosomal and, in some strains,
its penicillin-induced synthesis is BlaR-mediated.?® The ente-
rococcal PBPS is also chromosomal but its homologue PBP3r
is plasmid borne in E. hirae S185R (unpublished data). This
plasmid carries, at least, two copies of the PBP3r-encoding
gene, one copy of the streptomycin-resistance marker str, one
copy of the erythromycin-resistance marker erm, and several
copies of the insertion module IS/216, a situation eminently fa-
vorable for the spread of multiresistance among enterococci and
related bacterial species.

As the origin of the low-affinity class B PBPz, PBPs, and
PBP3r is unknown, the structural features responsible for the
low affinity are also unknown. Compared to the other class B
multimodular PBPs, the low-affinity PBPs have an extended
n-PB module because of the presence of a =100 amino acid
residue insert immediately downstream from the membrane
anchor. These inserts are related in amino acid sequence.
Presumably, they have a same fold. Expression of genes en-
coding low-affinity PBP derivatives in which the insert is
missing or truncated gives rise to proteins that are inert in
terms of penicillin-binding*! (unpublished data), showing
that the insert plays a role in biogenesis. The active-site topol-
ogy of the PB module confers resistance to the usual
penicillins and cephalosporins but not necessarily to all 8-lac-
tam compounds. Cephalosporin derivatives are being devel-
oped that are active against methicillin-resistant S. aureus
strains.?2

A plausible picture that arises from the above analysis is that
the enzyme activities required to build the peptidoglycan poly-
mer would be provided by the n-PB/transglycosylase modules
of the class A PBPs and the PB/acyl transferase modules of
both class A and class B PBPs. Regulation of these activities
in a cell-cycle-dependent fashion would be mediated by the n-
PB modules of the class B PBPs. Recent genetic studies have
brought to light the existence of morphogenetic networks. These
networks are multiprotein complexes, the constitutive elements
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of which are sets of multimodular PBPs, monofunctional PBPs,
and non-penicillin-binding proteins.

MORPHOGENETIC NETWORKS

Figure 9 shows part of the gene organization in the chro-
mosome of E. coli. The 4 and 75 min regions contain the genes
encoding the bienzyme (transglycosylase/transpeptidase) class
A PBPI1b and PBP1a, respectively.

The 2 min region, which contains the gene encoding the mul-
timodular class B PBP3, also contains genes that encode other
cell-septation proteins.!® Figure 10 shows the cellular local-
ization of some components of the cell septation network (also
called divisome or septator). FtsQ is of unknown function and
FtsL contains a leucine zipper motif. Each is on the outer face
of the plasma membrane. FtsW is an integral membrane pro-
tein. FtsA, an ATP-binding protein of the eukaryotic actin fam-
ily,3 is exposed on the inner face of the plasma membrane.
MraW is a protein bearing an S-adenosyl methionine-binding
motif and FtsZ is a GTP-binding/GTPase protein. Each is cy-
toplasmic. FtsZ contains a short glycine-rich segment that is
strikingly similar to the GTP-binding motif of the eukaryotic
cytoskeletal tubulin.!> About 10,000 molecule of FtsZ occur
per cell. They form a ring at the future division site>® in the
form of a =40-um filament that is long enough to surround the
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FIG. 10. Cellular localization of proteins of the *‘cell septa-
tion”’ morphogenetic network in E. coli.

cell 20 times. These genes form a cluster the expression of
which is controlled by a gearbox and metabolic promoters.
Genes located outside the 2 min region of the chromosome
also encode “cell septation” proteins. SulA is a cell-division in-
hibitor. ZipA is another integral membrane protein. SIt-70 is an
N-acetylmuramidase that catalyzes the hydrolysis of the glyco-
sidic bond with transfer of the carbonyl to the C-6 hydroxyl
group, yielding a (1-6)anhydromuramic acid.?> FtsK possesses
probably an N-terminal domain with several membrane-span-
ning helices and a large cytoplasmic domain with an ATP/GTP-
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FIG. 9. Organization of the genes in the chromosome of E. Coli involved in lipid II intermediate synthesis, peptidoglycan as-
sembly, cell septation, cell shape, and cell division. ponA and ponB are also called mrcA and mrcB, respectively. Tglyase, trans-

glycosylase.



WALL PEPTIDOGLYCAN SYNTHESIS

binding motif (L. Begg, S. Dewar, and W. Donachie; report
presented at the workshop “Structure, Function and Controls in
Microbial Division.” Institute Juan March, Madrid, May 1995).
A single base change in ftsK causes a conditional block in cell
division that is suppressed by deletion of the PBPS-encoding
dacA.

A battery of techniques is being used to study protein—pro-
tein interactions within the “cell septation network.” According
to reports presented at the workshop mentioned above, PBP3
interacts, presumably through its intracellular amino end, with
FtsA, SulA, and FtsZ in the cytoplam; FtsZ itself interacts with
the integral membrane protein ZipA; and PBP3 interacts, pre-
sumably through its periplasmic module, with PBP1b, PBP7
(an endopeptidase), and Slt-70.

At the same time, the structural requirements of PBP3 for in
vivo activity are being studied by complementation experi-
ments. In E. coli RP41, the temperature-sensitive-ftsI 2158-en-
coded PBP3 has two mutations: G191-D in motif 3* of the n-
PB module and D266-N at the junction between the n-PB and
PB modules.! At 42°C, E. coli RP41 grows as filaments and
lyses but rod-shaped, cell division and viability are restored by
transformation with a plasmid carrying the wild-type fisL. In
contrast, complementation is not achieved by fsI genes encod-
ing PBP3 mutants that either lack the membrane anchor, have
a membrane anchor different form the génuine one, or have a
17 amino acid residue insert immediately upstream from R60
of motif 1* (the insert being the R60-D76 sequence, except that
D76 is mutated into N; unpublished data from this laboratory
and J. Ayala). Complementation does not occur in spite of the
fact that the produced PBP3 mutants have the same thermosta-
biltiy and penicillin-binding capacity as the wild-type PBP3.

The acquisition of a penicillin-binding fold topology by the
PB module of PBP3 depends on an intact motif 3* of the n-PB
module but it is membrane-anchor-independent. It now appears
that the in vivo activity of PBP3 requires not only a correct
penicillin-binding fold topology, but, in addition, the presence
of the genuine membrane anchor and an intact environment of
motif 1* of the n-PB module. It has also been reported that the
P565-G571 sequence at the end (V577) of the mature PBP3 is
not required for penicillin-binding but is essential for in vivo
activity.20 Likely, the membrane anchor, features of the n-PB
module, and the carboxy end of the polypeptide chain are sites
through which PBP3 may interact with other components of the
“cell division” morphogenetic network.

The 14 min region of the E. coli chromosome, which con-
tains the gene encoding the multimodular class B PBP2, also
contains genes that encode the “cell-shape” PBPS and RodA, a
protein very similar to FtsW. This complex and ribosomal ac-
tivities appear to be coordinated by a chain of interacting ele-
ments, one of which is regulated by the nucleotide guanosine
5’-diphosphate, 3’-diphosphate (ppGpp, an RNA polymerase
effector), itself synthesized by the SpoT/RelA, proteins.
Remarkably, the “cell shape” and “cell septation” morpho-
genetic networks are connected. PBP2 is not required for sep-
tum synthesis. However, loss of PBP2 activity results in a block
of cell division and, in the absence of PBP2, cell division and
viability are restored by increasing the pool of ppGpp or the
level of FtsQ-A-Z.30

The “cell septation” and “cell shape” networks are probably
ubiquitous in the bacterial world, with many individual varia-
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tions. Likely, other networks remain to be identified. The step-
wise increased resistance to B-lactam compounds of S. pneu-
moniae laboratory mutants does not always correlate with PBP
changes, but correlates with genetic competence deficiency.?
In a cefotaxime laboratory mutant, increased resistance and
competence deficiency are mediated by a point mutation in a
histidine kinase CiaH.?? CiaH and CiaR are members of signal
transduction pathways including the EnvZ/OmpR osmoregula-
tion in E. coli and the VanS/VanR vancomycin resistance in-
ducibility in E. faecium.

The morphogenetic networks are still far from being under-
stood. They probably possess several phosphoryl transfer path-
ways. They may be components of multiple parallel, overlap-
ping, and interacting signal transduction systems. There is
cross-talk between the pathways. These characteristics are typ-
ical of “(phospho?)neural” networks.?4

CONCLUSION

The synthesis and assembly of the bacterial cell wall pepti-
doglycan require proteins the primary functions of which are
the chemical transformation of metabolite intermediates, the
building of a cellular structure, and the transfer and processing
of information through integrated biochemical “circuits” that
are able to transform an input signal into an output signal and
an output signal into an input signal.

The wall peptidoglycan is a bacterium-specific polymer.
Empirical approaches to the discovery of “bacterial-cell-wall”
inhibitors and the improvement of existing drugs were justified
when basic research was still struggling to cope with the com-
plexity of the process and the molecular structures. The situa-
tion is changing. With the present advanced state of our knowl-
edge and the availability of experimental and theoretical tools
of ever increasing incisiveness, future antibacterial chemother-
apy strategies are likely to depend on the understanding of the
functioning of existing targets at the atomic level allowing new
drugs to be designed, and on the identification of the constitu-
tive elements and the “wiring” of the morphogenetic networks
allowing new targets to be discovered.
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