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Structural constraints and dynamics
of bacterial cell wall architecture

Miguel A. de Pedro 12 and Felipe Cava 2*

! Centro de Biologia Molecular “Severo Ochoa” — Consejo Superior de Investigaciones Cienti cas, Universidad Auténoma de
Madrid, Madrid, Spain,? Laboratory for Molecular Infection Medicine Sweden, Department of Molecular Biology, Umed
Center for Microbial Research, Ume& University, Umed, Sweden

The peptidoglycan wall (PG) is a unique structure which confers physical strength
and debned shape to bacteria. It consists of a net-like macromolecule of peptide
interlinked glycan chains overlying the cell membrane. The structure and layout of
the PG dictates that the wall has to be continuously modibed as bacteria go through
division, morphological differentiation, and adaptive responses. The PG is poorly known
in structural terms. However, to understand morphogenesis a precise knowledge of
glycan strand arrangement and of local effects of the different kinds of subunits is
essential. The scarcity of data led to a conception of the PG as a regular, highly ordered
structure which strongly inBuenced growth models. Here, we review the structure of the
PG to debPne a more realistic conceptual framework. We discuss the consequences of
the plasticity of murein architecture in morphogenesis and try to debPne a set of minimal
structural constraints that must be fulblled by any model to be compatible with present
day information.
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Introduction

The bacterial cell wall was “rst described as a region of speci“c staining behavior wrapping the
cell body Churchman, 192) This structure was soon associated with the processes of cell divi-
sion and growth Knaysi, 1930, 1931Introduction of electron microscopy in conjunction with

the development of cell wall puri“cation methods, demonstrated the ability of puri“ed walls to
retain cell shapeSalton and Horne, 19519,tand characterized cell walls as mesh bag-like macro-
molecules called sadc{from the Latin for small bags, sing. sacculugegidel et al., 1960 These

early techniques were also critical to de“ne the glyco-peptidic nature of the cell wall, which became
also known as the peptidoglycan (PG) layer, and led to the establishment of its polymeric nature
(Salton, 1952, 1953, 1956, 198¢kidel, 1960Primosigh et al., 1961Salton, 1961Weidel and
Pelzer, 1964)chleifer and Kandlgf1972) neatly summarized the knowledge on the structure of
bacterial walls accumulated until the early 19703 sort of wrote in stone most of the basic notions
that still hold today, namely: the universality of the basic structural subunit; the long-glycan/short
peptide idea; the chemical uniformity of PG and its planar, ordered, net-like organization in Gram-
negative bacteria, among others. Unavoidably, some of these ideas derived into a geometric and
static perception of the PG layer as depicted in so many articles and textbooks.

An aspect of PG studies important to stress at an early point is quanti“cation. Most studies
present the abundance of the individual kinds of PG subunits (muropeptides) as a percentage
of the total number because this makes measurements independent of the absolute amount of
sample. However, this practice makes it easy to underestimate the relevance of minor components.
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The amount of PG in afEscherichia cotiell is around 3.5 10°
monomeric units (Vientjes et al., 1991Therefore, values as low
as 0.1% mean that each cell has about 320® molecules of
that particular muropeptide, a meaningful number on biological
terms.

Here, we will review the experimental evidence accumulated
on PG structure and metabolism in an attempt to de“ne a series
of basic structural constraints that can help us to revisit current
models of the bacterial cell wall. In this study we will center on the
features of Gram-negatives because of the relative abundance of
studies, and the (apparently) simpler organization of their sacculi.
However, most of the information available comes from a very
limited number of bacterial species and generalizations have to
be taken with great precaution. Particular emphasis will be made
on the in"uence of individual muropeptides on local structure
and on how subtle changes in the subunits might in"uence the
properties of the cell wall.

The Structure of the PG Monomers
and Linear Polymers

The primary structure of PG monomers was de“ned in the early
1960s and it was soon found otlhat most Gramnegatives
shared as common basic subunit the disaccharide pentapep-
tide: GIcNAc-(,1S  4)MurNAc-(L)ala-@)glu-( )-(mesdDap-
(D)ala-)ala (M5;Schleifer and Kandler, 19y.Zrhe monomeric
subunit might su er a number of chemical modi“cations, but in
most instances, the alternancy i6f and b-amino acids, as well
as the presence of a terminalala-D-ala dipeptide is respected
(Vollmer, 2008Vollmer et al., 2008

The PG monomer is a molecule with rather unusual biochem-
ical and structural propertiesHgure 1A) that, according to
molecular modeling studies, results in the peptide moiety adopt-
ing a curled, compact diggsition with the terminalp-ala inter-
acting with theL-ala at position 2 by means of hydrogen bonds
(Figure 1B Barnickel et al., 197®eroueh et al., 20Q&umbart
et al., 201 This disposition of the amino acid residues means
that the stem peptides can potéalty span considerably larger
distances, fronta.10 A up toca.25 A when stretched (up to 2.5
fold), as predicted by molecular modelinggrnikel et al., 1983

Although some species &aulobacter crescenttestain the
terminal D-ala-D-ala in a high proportion of PG subunit§fkacs
et al., 201)) most species contain mostly tetrapeptides and
tripeptides following the sequential elimination of the-ala
residues to variable extent®(intela et al., 1995 The kinet-
ics of elimination of the terminab-ala have been measured in
E. coli(Glauner and Holtje, 1990Assuming every monomer is
added as a pentapeptide, nascent PG accumulated for as little
as 20 s exhibits only about 25% pentapeptides, 60 s later RIGURE 1| The basic PG subunit. (A) Explicit formula forN-acetyl
drops to about 5% and in a further few minutes goes well below?glucosaminyl-(,1S - 4)-N-acetyl-muramyli-Alanyl-0-Glutaminyl()-
0.5%. As the terminab-ala is required for the polymerization L-(meso)iaminopimelyld-alanyl-D-alanine (d|_5acchar|derentapept|de or

N . R M5). (B) Computer generated 3D representation of the same molecule after

of PG the modi“ed muropeptldes are disabled to act as donorsenergy optimization. Red signals the glycan part, blue the stem peptide and
in DD-transpeptidation reactions (see below). Elimination of the green the terminalp-ala residue. Molecules were generated with Chemsketch
terminal D-ala also a ects folding of the stem peptides favoring a (http://www.acdlabs.com/resources/freeware/chemsketch/), subjected to
more extended conformation and displacements of the potentia@eemetry and molecular mechanics optimization with Avogadro
NH acceptor sites in thémesodPAP residue Figure 2).

(continued)
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The sugar backbone of a PG linear polymer tends to adopt a
software (http://avogadra.cc/) using the MMFF94s peld force, the steepest ”ght-handed helical structurel_(eps et, al., lgsmeroueh etal.,
descent algorithm and a convergence of 167 Muropeptides were modeled in 2006 Gumbart et al., 20])4 Calculations derived from actual
the absence of solvent. The optimized molecular structure was visualized and  NMR analysis of a linear dimer indicate three disaccharides per
prepared for publication with Molsoft ICM software (http://www.molsoft.com/). turn with consecutive subunits at roughly 12Gnd a pitch of

ca.3 nm (Figure 3B Meroueh et al., 20Q&umbart et al., 2014
although a certain degree of variation in the helicity looks likely
(Gumbart et al., 2014 This disposition implies that in a state
In order to weave the polymeric cell wall the subunitsf minimal energy, the sugar backbone is almost fully stretched,
must “rst form linear polymers, a reaction performed bytherefore when subjected to tensile forces the glycan poly-
bifunctional DD-transpeptidase-transglycosylase enzymes, tir remains essentially unyielding. This fact contrasts with the

Class A Penicillin-Binding Proteins (PBP¥;pas et al., 20)2 relaxed disposition of the peptide moieties and makes the cell wall

The polymerization reaction happens in the periplasmic spaegisotropic respect to some propertiesSumbart et al., 2014

and occurs by the transfer of a molecule of the activated prectFigure 3, shows a likely conformation for a linear dodecamer

sor M5-P-Bactoprenol (lipid-Il) to the G¢-OH of the GIcNAc  as calculated by computer modeling. Other than the compact

moiety in a second lipid-Il molecule to generate 8 (S 4) disposition of the stem peptides, is interesting to note that the
glycosidic bond(an Heijenoort, 200l The growing glycan is critical regions, the-ala-D-ala dipeptides and the-NH » groups
then reiteratively transferred to new molecules of lipid-1l causef (mesdDAP molecules, involvedh the all-important cross-

ing longitudinal extension of the PG strand. The mechanisrinking reactions occupy rather accessible positions at the surface

for the termination and release of newly made glycan strandg the molecule Figure 3B).

remains unclear. In most bacteria, glycan strands display a

molecule of (8 6) anhydro MurNAc (Anh-MurNAc) as the

C1 terminal sugar, suggesting the participation of a transgly_-ength of G|ycan Strands

cosylase activity in the process. However, there is no reason

to discard the existence of alternative mechanisms. Indeddngth of the glycan strands is anportant structural parameter

Agrobacterium tumefacierend Mesorhizobium meliloteither of PG. Because the glycan backbone of PG strands is inexten-

lack Anh-MurNAc or have amounts undetectable by HPLC andible, the longer the strands the more rigid the structure of

MALDI-MS techniques Quintela et al., 1995Brown et al., the sacculus. The PG can be compared to a composite mate-

FIGURE 1 | Continued

2012. rial in that the global properties of the structure depend to
FIGURE 2 | Elimination of the terminal D-ala residue has strong comparison muropeptides were rotated until GIcNAc residues overlap. Red
inBuence on the 3D structure of PG subunits. PG monomeric subunits designates the glycan moiety and blue the stem peptide. Terminab-ala
derived from the M5 by elimination of the terminab-ala (M4) or the terminal residues are highlighted in yellow. The 3D structures were calculates as in
D-ala-D-ala (M3) are compared in two orientations, transversal to (upper Figure 1. Hydrogen atoms were removed in the image, but considered for

panel) and from above (lower panel) th surface of the saccdus. To facilitate the calculation of the molecular surface.
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FIGURE 3| Structure of linear PG polymers. (A) Sugar backbone for a subunits. Red designates the glycan moiety and blue the stem peptides. The
12-mer linear PG polymer, with a helical pitch of three subunits/turn. The D-ala-D-ala dipeptides are highlighted in yellow, and thémesoDAP free NH
backbone is derived from the structure of(B) a PG strand made up of 12 M5 groups in green. The 3D structures were calculated as ifrigures 1 and 2.

a large extent on the length, orientation, and bonding of the An important aspect is that although the length of aver-
“bers. age PG strands (10...100 nm) is very small when compared
Because of the speci“c presence of Anh-MurNAc at the glycda the dimensions of the cell, in most cases the strands are
ends (an Heijenoort, 200}l it is possible to calculate experi-considerably longer than the thickness of the sacculus, which
mentally the average length (AL) of PG strands as the inverse between 2.5 and 7 nm for hydrated sacculad et al.,
of the molar fraction of Anh-MurNAc-containing subunits in 1999.
the PG Glauner, 198B Available information supports a large  Although AL certainly gives important structural informa-
variability in the AL of glycan strands amongst di erent bactetion, it is the distribution of glycan chain lengths that really
ria. In E. colithe AL for cells actively growing in rich media isin"uences the properties of the sacculus. However, experimen-
around 30 monomers/strand (M/S3launer et al., 1998Most tal determination of length distributions has been achieved in
Gram-negatives analyzed so far fall in the 20...100 M/S raageery limited number of cases. The only extensive study was
with a preference for the lower values (10...40 M/S). Howevegrformed in E. coli(Harz et al., 1990 Whether or not the
values lower than 10 M/S have been measure@.irtrescentus information obtained is representative for other bacteria is uncer-
and Helicobacter pyloriCosta et al., 1999akacs et al., 20).0 tain. The analysis showed a very wide and positively skewed size
AL is not constant but strongly in"uenced by the state of growthdistribution with a modal value of eight M/SHarz et al., 1990
(Pisabarro et al., 198kam et al., 2009%Cava et al., 20),land However, this distribution only accounts for about 70% of the
by mutational or chemical alterations of cell wall metabolisntotal PG. The remaining 30% could not be resolved into individ-
(Romeis et al., 199Varma et al., 2007 In E. coligrowth arrest ual length classes but presents an AL equivalent of 45 M#Sz(
causes a progressive reduction in AL (25...30%) until a constantl., 199 At present, there are no data to choose a particu-
value is reached in resting cells. Resumption of growth is accofar distribution of lengths for the longer fraction. However, as the
panied by a progressive rise in AL which reaches its characterigtwrter strands have to be at least 31 disaccharides long, and the
value after 2...3 doublings in mass. However, measurementélofs 45, the existence of extremely lorg500 disaccharides or
AL in newly madevs.total PG inE. colj showed that AL was roughly 500 nm) glycans is not very likely. The determination
essentially constant for the new PG made during the transpf both the AL and length distribiion indicates that the saccu-
tions (Pisabarro et al., 1935These observations support thelus is mostly made of rather short glycan strands but covering a
idea that AL variations are not due to a change in the frequenesery wide range of lengths, an aspect often neglected in cell wall
of glycan chain terminating events, but rather to processing ofiodels.
macromolecular PG. Therefore, bacteria must have some modu-There have been a limited number of attempts to study how
latory mechanisms able to modify the AL of PG in response i erent conditions a ect the glycan strand length distribution
environmental conditions. (Romeis et al., 1990bermann and Holtje, 1994shidate et al.,
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