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Abstract

Although hydrolysis is known to be as important as synthesis in the growth and development of

the bacterial cell wall, the coupling between these processes is not well understood. Bond cleavage

can generate deleterious pores, but may also be required for the incorporation of new material and

for the expansion of the wall, highlighting the importance of mechanical forces in interpreting the

consequences of hydrolysis in models of growth. Critically, minimal essential subsets of

hydrolases have now been identified in several model organisms, enabling the reduction of genetic

complexity. Recent studies in Bacillus subtilis have provided evidence for both the presence and

absence of coupling between synthesis and hydrolysis during sporulation and elongation,

respectively. In this review, we discuss strategies for dissecting the relationship between synthesis

and hydrolysis using time-lapse imaging, biophysical measurements of cell-wall architecture, and

computational modeling.

Introduction

Across the bacterial kingdom, virtually all species possess a peptidoglycan (PG) cell wall, a

macromolecular network of glycans cross-linked by peptides [1,2]. The shape of the cell is

dictated physically by the outward force due to turgor pressure, which is balanced by the

expansion of the cell-wall network. During growth and division, newly synthesized PG

subunits are exported from the cytoplasm and then incorporated into the wall by a host of

enzymes whose collective activity involves joining subunits into glycan strands and cross-

linking them into the existing network [1,2]. While there has been a focus in recent years on

the role of cytoskeletal elements and their association with PG synthesis [3–7], at a

conceptual level, growth of the network has long been thought to also require the cleavage

of pre-existing crosslinks in order to incorporate new material. On the generational time

scale, some cleavage must occur to loosen the cell wall in some locations in order to

intercalate the new material necessary to achieve micron-scale expansions. The genomes of

Gram-negative and Gram-positive species all encode a wide variety of hydrolase enzymes

responsible for the specific cleavage of different PG bonds; hydrolases are involved in

several critical functions, including PG maturation, turnover, recycling, autolysis, and

cleavage of the septum during cell division [8,9].
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While a large number of hydrolases across many species have been characterized

biochemically and structurally [10], there has been comparatively little investigation into

their specific roles in vivo or the biophysical consequences of PG hydrolysis. The cleavage

of a bond within the PG transfers the force that was borne by the crosslink onto the rest of

the wall, resulting in expansion primarily in the local area of the cleaved bond [11] (Fig.

1A). The cleavage of a bond can also result in the generation of pores in the wall, which can

represent a significant danger to the cell; during antibiotic treatment, cell lysis typically

results from the formation of large pores that permit the cytoplasmic membrane to bleb into

the extracellular environment [11]. This potential danger has stimulated the longstanding

assumption that the insertion of new material must be coordinated in space and time with the

hydrolysis of old material in order to avoid unregulated bond cleavage [9], and is supported

indirectly by evidence that chemical inhibition of cell-wall synthesis often leads to cell lysis

[12], though not in hydrolysis mutants [12–14]. In addition to qualitative models that have

been proposed based on this concept [9], our recent biophysical modeling of cell-wall

growth implemented the insertion of new strands into openings left by the cleavage of

crosslinks [15,16]. While steady-state growth dictates that bond breaking should occur

proportionally to bond formation, there is little direct evidence of spatially concerted

hydrolysis and synthesis during rod-shaped growth. Moreover, computational simulations

have demonstrated that as many as 30% of the crosslinks can be removed from the cell wall

without disrupting the shape or integrity of the cell (although the wall does elongate due to

the increase in stress borne by the remainder of the crosslinks), indicating that the cell wall

may be highly robust to fluctuations in hydrolase activity [11] (Fig. 1B). Hence, it remains

possible that a mechanism of growth without any coordination between synthesis and

hydrolysis would result in the observed growth rate and maintenance of cell shape.

Each type of peptide or glycosidic bond within the PG is targeted by a specific family of

hydrolases. A number of excellent reviews address the biochemistry of these enzymes (e.g.,

[9,10]); this review focuses on the physical consequences of the hydrolysis of crosslinks (by

endopeptidases and amidases) or glycans (by lytic transglycosylases), which promotes wall

expansion by changing the distribution of forces across the cell surface [11]. An excellent

example of the physical connection between hydrolase activity and growth occurs in the rod-

shaped bacterium Bacillus subtilis, in which a temperature-sensitive mutant in an autolysin

with impaired hydrolase activity exhibits a thicker wall than the wild-type strain [17,18],

suggesting that synthesis rates are not significantly reduced in the face of reduced turnover.

The growth rate of these mutant cells was substantially reduced, providing a clear example

of the role of hydrolysis in wall expansion. Moreover, the addition of purified autolysin or

lysozyme caused the growth rate to increase [17] (Fig. 1C) and reduced the wall thickness

[18]. These data provide evidence that hydrolysis is required for growth, and suggest an

intriguing physical connection between the molecular-scale activity of hydrolases and

macroscopic, biophysical quantities such as growth rate and wall thickness that may be

easier to measure in living cells.

The two best-studied rod-shaped bacterial species are the Gram-negative Escherichia coli

and the Gram-positive B. subtilis. Although these organisms encode dozens of PG

hydrolases [10,19], the regulation of these enzymes is virtually unknown. Genetic
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complexity and the possibility of multiple redundancies in a given growth environment have

rendered genetic studies difficult, despite the wealth of information and tools available for

studying growth. In addition, due to the difficulty of directly measuring hydrolase activity in

vivo and the diversity of potential phenotypes resulting from the perturbation of hydrolase

activity, it has been difficult to define mechanistic models of the role of hydrolase activity in

cell-wall growth in vivo. Until the past year, there was no direct evidence that hydrolase

activity was necessary for growth; there is no measureable phenotype when the Penicillin

Binding Protein (PBP) endopeptidases in E. coli are deleted [20]. However, the recent

identification of minimal, essential sets of hydrolases in both E. coli [21,22] and B. subtilis

[23,24] has opened new avenues for study involving time-lapse microscopy, cell biology,

and genetics.

In this review, we discuss recent experimental data that address the coordination between

hydrolase activity and growth. In E. coli and B. subtilis, the recent discovery of minimal

hydrolase subsets required for growth can be leveraged in the context of recent models of

the cytoskeletal coordination of growth [3–5]. In B. subtilis, recent studies have highlighted

the role of hydrolysis in two aspects of morphogenesis: the migration of the forespore

membrane during engulfment [25,26] and the regulation of cell-wall thickness and its

coupling to growth rate and mechanical strain [27]. In the latter case, a combination of

biophysical experiments and modeling was used to support the existence of a coupling

mechanism between hydrolysis and cell-wall synthesis. Here, we focus on the physical

interpretations of these experiments in the context of our current mechanistic understanding

of PG synthesis. In doing so, we hope to motivate new classes of experiments that utilize the

existing biochemical knowledgebase and recent genetic advances in hydrolase biology,

particularly emphasizing the quantitative dynamics of PG synthesis and mechanical stresses

within the PG, to discover the ways in which cell-wall cleavage is integrated with the

insertion of new material.

Hydrolases are required for growth

In the past year, studies separately identified small subsets of hydrolytic enzymes in several

model organisms that are required for growth. In B. subtilis, LytE and CwlO are

endopeptidase-like autolysins; a lytE cwlO double mutant is not viable and exhibits defects

in cell-wall synthesis and elongation [23,24]. In Vibrio cholerae, a set of three genes

required for elongation includes an endopeptidase [28]. In E. coli, Spr, YebA, and YdhO

were identified as DD-endopeptidases, enzymes that cleave D-alanine-meso-diamino-

pimelic acid crosslinks. The triple-deletion mutant is not viable and cell-wall synthesis is

dramatically reduced [21]. This common behavior in widely divergent bacterial species is

the first evidence that PG hydrolysis is required for rod-shaped growth. The set of required

hydrolases in E. coli can be further winnowed in particular media, as growth rate appears to

be correlated with the strengths of the phenotypes of hydrolase mutants. An spr yebA double

mutant cannot grow on rich medium (LB) or on minimal medium supplemented with 1%

tryptone, and an spr deletion is unable to grow on nutrient agar at high temperature [21]. In

contrast, deletions in E. coli endopeptidases such as pbp4 and pbp7 have no discernible

phenotype [20]. As might be expected from the behavior of strains lacking hydrolases,

sacculi from an spr yebA ydhO mutant exhibited a higher degree of crosslinking via
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chromatographic analysis [21], implying a stiffer cell wall. However, phase-contrast

microscopy revealed the formation of large ovoid cell shapes and extensive cell lysis [21], a

nonintuitive result of the reduction in overall hydrolase activity due to the triple deletion.

Future quantitative studies of the dynamics of growth at different expression levels of these

hydrolases, along with the measurement of other cellular features such as membrane

abundance and turgor pressure, should help to reveal the mechanism by which these

essential hydrolases prevent lysis.

Spatial regulation of hydrolysis

Recent fluorescence microscopy studies have reinforced the central role of the bacterial

actin homolog MreB in rod-shaped elongation. In both E. coli [3] and B. subtilis [4,5], MreB

was recently discovered to move in a circumferential manner that is dependent on cell-wall

synthesis (Fig. 2A); in B. subtilis, MreB colocalizes with the wall synthetic enzyme PBP2H

[4]. This rotation may distribute the insertion of new PG into the cell wall across the surface

of the cell, ensuring that a relatively small number of MreB polymers can produce a robust

shape insensitive to fluctuations in insertion pattern or environmental perturbations such as

osmotic shock [3]. These data support the prevailing model that PG growth in rod-shaped

organisms involves multienzyme complexes that each contain several PBPs, whose

coordinated activities result in the processive incorporation of new strands into the existing

PG network. It must be noted that such a complex has never been isolated, nor is there any

direct evidence in E. coli of the colocalization of MreB with any of the PBPs. Moreover,

from a mechanistic standpoint it has not been demonstrated that such spatiotemporal

coordination is beneficial in any way for the robustness of growth. Directed, circumferential

motion of these enzymes, as has been observed in B. subtilis [4,5], would appear to be a

prerequisite for the existence of such a complex.

Notwithstanding the lack of evidence that coordination between synthesis and hydrolysis is

necessary for robust bacterial growth, biochemical evidence suggests that certain hydrolases

in E. coli can interact with the PBPs [29]. In B. subtilis, the fluorescence colocalization of

MreBH with the lytic transglycosylase LytE and the phenotypic similarities between lytE

and mreBH mutants support the existence of spatiotemporal coordination between synthesis

and hydrolysis [30]. It has yet to be determined which molecular factors are responsible for

the circumferential motion of MreB; hydrolases may contribute to this motion. The

identification of minimal subsets of hydrolases required for cell growth and wall insertion

[21,23,24] provides a framework for addressing this question. However, in B. subtilis, MreB

and the PG synthetic machinery continues to move circumferentially during depletion of the

essential hydrolases LytE and CwlO until the cells eventually lyse [31]. irIn E. coli, these

hydrolases are required for the incorporation of new murein, indicating that hydrolysis may

be coupled to insertion [21]. Interestingly, Spr is predicted to be an outer membrane

lipoprotein [21]. The lipoproteins LpoA/B were found to regulate the synthesis of PG by

PBP1A/B, respectively [7]; Spr exhibits low activity on isolated sacculi, suggesting that

perhaps the hydrolysis of material in vivo requires association with factors in the inner or

outer membranes (Fig. 2B).
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Effect of hydrolysis on growth rate

In the “inside-out” model of Gram-positive elongation, the synthesis and insertion of new

PG occurs adjacent to the membrane at the inner surface of the cell wall [32]. Through an

unspecified mechanism, an increase in stress in the outer layers that forces them to stretch

could result in the rupture of bonds within the PG; when the strain of extension becomes too

large, the outer layers of the cell wall are ultimately removed. Although there is no evidence

that PG material is only incorporated adjacent to the membrane, this model presents a

conceptually simple mechanism for elongation in which the synthesis of new layers balances

the removal of old layers. For this cycle to drive elongation rather than simply adding

material to thicken the wall, two factors are required: positive turgor pressure to stretch the

wall, and a mechanism for increasing the stress in layers after they are synthesized.

Hydrolysis provides such a mechanism, weakening the oldest layers so that they are less

load-bearing and redistributing stress to the newest layers. In this picture, hydrolase activity

regulates growth rate by breaking apart the wall, while PG synthesis maintains the integrity

of the wall by adding new, stiff layers.

How does the balance between synthesis and hydrolysis dictate the dynamics and structural

properties of the wall in B. subtilis? We recently determined how the thickness of the wall

and its extension due to turgor pressure depend on growth rate [27]. Using transmission

electron and epifluorescence microscopy, we found that wall thickness and extension in

exponentially growing cells were similar in rich and poor media, with a three-fold change in

growth rate. To link these observations with potential mechanisms of elongation, we

developed a biophysical model of a rod-shaped Gram-positive wall that balances the

mechanical effects of synthesis of new material and removal of old material through

hydrolysis. This model predicts that thickness will scale with the ratio of the rates of

synthesis and hydrolysis; more PG synthesis will lead to a thicker wall, while more PG

turnover will thin the wall. For a fixed turgor pressure, hydrolysis weakens the wall and

synthesis strengthens it, and wall strain is thus predicted to increase inversely with the

thickness. In contrast, growth rate is predicted to scale inversely with the synthesis rate, and

quadratically with the hydrolysis rate because hydrolysis reduces both the number of layers

and their strengths, both of which lead to more expansion. Thus, our model indicates that

cells can vary their growth rate while maintaining constant cell-wall thickness and strain if

the rates of synthesis and hydrolysis are coupled such that their ratio is fixed. These results

are consistent with previous experiments analyzing a temperature-sensitive B. subtilis

autolysin mutant with a large reduction in hydrolase activity. This mutant has a thicker wall

[18] and a slower growth rate, which can be accelerated by increasing the rate of hydrolysis

[17].

PG hydrolysis drives engulfment during sporulation

B. subtilis survives under conditions of nutrient deprivation or in harsh environments

through sporulation, when a septum is formed near one of the poles and division occurs

asymmetrically. The smaller cell (the forespore) eventually becomes the spore through a

process called engulfment that involves a complex cascade of signaling, localization, and

PG synthesis and hydrolysis. Engulfment requires spatiotemporal coordination between the
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synthesis of the cell wall and the cell membrane. Directly before engulfment, hydrolase-

mediated PG degradation between the septal membranes allows the mother cell membrane

to move around the forespore [33,34]. As engulfment continues, the membrane of the

mother cell migrates around the forespore, forming a double-bilayer membrane that

eventually surrounds the spore. When the migrating arms of the membrane meet, they fuse

to release the forespore into the mother cell.

PG synthesis and hydrolysis are key components of the force-generation mechanism for

engulfment. During the initial stages of engulfment, the sites of PG synthesis coincide with

the leading edge of the engulfing membrane, and the inhibition of PG synthesis blocks

membrane migration [26]. During the last stage of engulfment, PG synthesis localizes to the

last site of attachment between the two cells; antibiotics that inhibit PG synthesis prevent

cell separation [26]. The PG hydrolases SpoIID and SpoIIP first localize at the sporulation

septum, where they dissolve the septal PG [35]. During membrane migration around the

forespore, these enzymes localize at the leading edge of the membrane arms [25], where PG

synthesis is also concentrated (Fig. 3A). In a mutant that displayed asymmetrical migration

of the membrane arms, the speeds of the two arms were proportional to the fluorescence

levels of SpoIIP [25]. As another example of the coupling between PG synthesis and

hydrolysis, these studies suggest that the force generated by hydrolysis and synthesis can be

transduced by the cell for migration of the leading edges of the engulfing membrane. This

observation has inspired the idea that PG synthesis may be equivalent to a molecular motor

that can drive not only proteins but also cellular-scale structures in a directed fashion.

Discussion

Given the importance of hydrolysis in wall expansion, biophysical measurements of the

differential movement of surface markers across the cell wall can shed light on where this

activity is taking place and provide constraints for the evaluation of mechanistic models of

wall growth [16]; such measurements of the pattern of outer membrane expansion motivated

a model involving the incorporation of new material in large bursts [36]. Although it may be

difficult to directly image hydrolase activity, novel fluorescent D-amino acid technologies

for localizing the insertion of new PG enable the correlation of PG insertion with

heterogeneity in cell-wall expansion, which would provide further evidence for the coupling

of synthesis and hydrolysis [37,38]. Importantly, appreciation for the role of hydrolases in

all bacterial morphogenetic processes has been revitalized by recent studies of specific

enzymes involved in E. coli and B. subtilis elongation [21,22,24] and B. subtilis sporulation

[25,26]. The potential for PG hydrolysis to directly impact morphogenetic processes is also

illustrated by the role of endopeptidases in defining the helical shape of Helicobacter pylori

cells [39] (Fig. 3B).

Although hydrolysis clearly plays a central role in many aspects of cell-wall growth,

modification, and turnover, studies of this process remain stymied by difficulties in

quantitatively measuring turnover in vivo and/or imaging hydrolysis directly. While the

identification of essential hydrolases should motivate cell biological studies of localization

and dynamics, it will be difficult to ascertain when and where these enzymes are active.

Moreover, there are distinct gaps in our knowledge of how (if at all) hydrolases interact with
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PG synthesis enzymes; bioinformatic and structural biological tools for predicting such

protein-protein interactions may shed light on the coordination of synthesis and hydrolysis.

The efficacy of a model in which strands are cross-linked to the existing PG layer while

hydrolytic activity cleaves old material randomly across the cell surface, rather than directly

adjacent to the new strands (Fig. 4A,B), could be tested via straightforward modifications of

our previous biophysical simulations. If growth rates and morphologies are similar between

the two models, then hydrolysis need not be spatiotemporally coordinated with insertion. If

hydrolases are indeed spatiotemporally coupled to synthesis in vivo, a further level of

mechanical regulation has been proposed for regulating growth patterning involving

autolysins that cleave only crosslinks that are stretched in order to stimulate the insertion of

new material [40], though simulations involving tension-dependent insertion failed to

maintain a rod-like shape [15]. If synthesis is regulated by such mechanically regulated

hydrolase activity, then the rate of PG insertion may be dependent on turgor pressure;

experiments carried out in environments with oscillating osmolarity would reveal such a

relationship.

The connection between hydrolases and cell-wall expansion has important implications for

the growth of densely packed cellular communities in which hydrolase molecules released

by individual cells could rebind to neighbors rather than escape into the extracellular milieu,

thereby effecting an increase in the hydrolase concentration and expansion rate of both the

cells and the community. Moreover, antibiotics that disrupt the balance between synthesis

and hydrolysis may actually increase the growth rate at sublethal concentrations, suggesting

the potential for complex responses and the evolution of resistance to cell wall-targeting

antibiotics [41]. A complete understanding of the regulation of hydrolase activity and its

coupling to PG synthesis, wall architecture, and cell geometry will require computational

techniques and physical models in concert with genetic tools and in vivo imaging. The recent

surge of interest in hydrolases reflects a growing appreciation for the systems-level

integration of biology, chemistry, and physics in all morphogenetic processes.
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Figure 1. The role of hydrolases in cell-wall expansion
(A) Specific hydrolases cleave crosslinks (red) between glycan strands (green), at the root of

the peptide stem, or between glycan subunits. Cleavage of crosslinks transfers stress to the

surrounding material (size and color of peptides indicate the amount of extension), leading

to stretching of the PG network. (B) In silico, the removal of 30% of the crosslinks from a

rod-shaped, Gram-negative PG network causes the cell to become longer, but does not affect

the mechanical integrity of the cell wall or its shape, suggesting that organisms such as E.

coli can tolerate large fluctuations in hydrolase activity. (C) A mutation in a B. subtilis gene

encoding an autolysin results in lower levels of PG hydrolysis and a slower growth rate

(crosses) relative to wild-type cells. The growth rate of the mutant can be increased by

adding purified autolysin (filled circles) or lysozyme (open circles), indicating that

hydrolysis is a major determinant of elongation and growth rate. (B) is modified from Ref.

[11]; (C) is modified from Ref. [17].
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Figure 2. Hydrolase localization relative to cell-wall synthesis
(A) The bacterial actin homolog MreB (yellow) binds to the cytoplasmic face of the inner

membrane and moves in a circumferential direction. In E. coli, this motion is dependent on

the activity of PBP2 during cell-wall synthesis, though it has yet to be determined whether

MreB serves as a spatial organizing center for stable synthesis complexes (left) or as a

transient rest stop for the dynamic association of PBPs (right). (B) The bifunctional enzymes

PBP1A/B rely on the outer-membrane lipoprotein cofactors LpoA/B for their activity. The

hydrolase Spr is an outer-membrane lipoprotein essential for growth on nutrient agar; it is

unknown whether its activity is spatially coordinated with MreB (left), or whether other co-

factors are required for its activity.
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Figure 3. Morphogenetic processes involving coordination between synthesis and hydrolysis
(A) During B. subtilis sporulation, PG synthesis and hydrolysis are colocalized to the

leading edge of the migrating arms of the engulfing membrane. (B) The spiral morphology

of H. pylori requires endopeptidase activity and relaxation of PG crosslinking. (B) is

modified from Ref. [11].
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Figure 4. Potential models for the coordination of hydrolysis and synthesis
(A) The model of coupled synthesis and hydrolysis assumes that the insertion of a new

glycan strand (blue) occurs concurrently with cleavage of adjacent peptides by hydrolases

(orange). (B) An alternative model involves the incorporation of a new strand through

crosslinking, while cleavage occurs randomly across the cell surface. A combination of

biophysical simulations and quantitative measurements of cell growth will likely be

necessary to distinguish between these models.
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