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Looks can be deceiving: Bacterial enzymes work
through unanticipated mechanism

Joshua D. Shirley® and Erin E. Carlson®®-<4

It was not until the ingenious works of Anton van
Leeuwenhoek in the 17th century that bacteria were
first discovered and understood to be a “new” form of
life on Earth (1). For the next 200y, bacteria were largely
ignored and thought to simply be “bags of proteins,”
even though it was recognized that they could have
enormous impacts on human health. It is now widely
appreciated that bacteria are incredibly complex or-
ganisms that can function in a manner that mimics a
multicellular organism (2, 3). The ability of bacterial cells
to constantly produce and remodel their cell wall is no
exception to this, and myriad crucial findings about this
process have been made over the last century. One
of the most seminal of these discoveries came in the

1940s when B-lactam—containing molecules were
found to combat bacterial infections. More recently,
the targets of these drugs, the penicillin-binding pro-
teins, as well as other protein machinery have been
identified as essential elements for construction of the
complex mesh that keeps these cells intact, the pepti-
doglycan (PG). Still, many mysteries remain about ex-
actly how bacterial cells grow and divide. In particular,
while enzymes that cleave and tailor portions of the PG
are known to play important roles in microbial survival,
they are dramatically understudied. Taguchi et al. (4)
shed light on two enzymes in Streptococcus pneumo-
niae, MpgA and MpgB, shown to cleave a nascent car-
bohydrate strand to liberate newly synthesized PG.
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Fig. 1. Release of newly synthesized PG from the cell membrane by muramidases MpgA and MpgB and lytic

transglycosylase MItG using different enzymatic activities. MpgB cleaves nascent PG near the lipid anchor, while MpgA
and MItG utilize a LysM-like domain to recognize oligosaccharide units farther from the lipid anchor. The ability of MpgA
to cleave PG as a muramidase is due to the switch from an aspartate to an asparagine in the catalytic active site, while
MItG possessing an aspartate works as a lytic transglycosylase. Despite differences in enzymatic activity, both enzymes
function to release newly synthesized PG to be incorporated into mature PG, ensuring cell wall integrity throughout the

bacterial cell cycle. Figure created with BioRender.
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While previous studies postulated that this occurred in a fashion
similar to that utilized by a close relative, the lytic glycosylase MItG
in Escherichia coli [1,6-anhydroMurNac product (5)], Taguchi et al.
instead discover that MpgA and MpgB act as muramidases [sac-
charide product with reducing end (6)]. Amazingly, they determined
that a single amino acid is largely responsible for the difference in
catalytic mechanism between MItG and MpgA/B (Fig. 1).

The PG is a polymeric, mesh-like structure that plays an es-
sential role in maintaining cellular integrity and providing cell
shape and structure in bacteria. It comprises repeating units of
N-acetylglucosamine (GlcNac) and N-acetylmuramic acid (Mur-
Nac) connected via p-1,4 linkages, and decorated with stem
peptides (7-11). Lipid Il is the substrate for PG biosynthesis,
which is a unit of GlcNac—MurNac containing the stem peptide
and an undecaprenyl diphosphate group that anchors the entire
structure into the cytoplasmic membrane. Lipid Il is utilized by
SEDS (shape, elongation, division, sporulation) proteins and
penicillin-binding proteins (PBPs) to carry out the highly orches-
trated process of producing nascent PG, which can then be in-
corporated into mature PG within the periphery of the cell (side
wall) and the cell division site (septum) (12-16). While the SEDS
proteins and PBPs synthesize new PG from Lipid Il, there are
additional proteins, called the hydrolases, which are required
to break down mature PG and/or liberate newly synthesized
PG strands from the cytoplasmic membrane.

To elucidate how MpgA and MpgB cleave
nascent PG to different lengths, Taguchi et al.
examined the LysM-like domain found in MpgA
that has significant homology to the LysM-like
domain in MItG.

Taguchi et al. (4) detail their findings about two such hy-
drolases in S. pneumoniae, an opportunistic, Gram-positive
bacterium that is the leading cause of community-acquired
pneumoniae worldwide and is a primary contributor to many other
diseases, including otitis media and meningitis (17). The biosyn-
thesis of S. pneumoniae PG has been extensively studied (8), yet
there remain key gaps in knowledge about how this process is
regulated and the roles of individual enzymes within the protein
machinery complexes (i.e., divisome and elongasome). Previous
work had identified two proteins, here named MpgA and MpgB,
as important factors in maintaining the integrity of the pneumo-
coccal cell wall (18-20). It was proposed that MpgA was a lytic
transglycosylase with importance for peripheral cell wall synthesis,
and MpgB was a bacterial lytic transglycosylase or muramidase
that was required for cell shape and division. Taguchi et al. ex-
pand upon these findings and show that MpgA and MpgB are, in
fact, both muramidases capable of cleaving nascent but not ma-
ture PG, releasing the polysaccharide strand from its membrane
anchor. These studies were only possible because of earlier work
by Walker and coworkers (21, 22) to devise an elegant strategy for
the isolation of significant quantities of Lipid I, which can be
chemically modified with a fluorophore for easy visualization. Po-
lymerized Lipid Il was incubated with either MpgA or MpgB, and
the cleavage products were analyzed using liquid chromatography—
mass spectrometry. In both cases, MpgA- or MpgB-treated substrate
was broken down into oligosaccharides of varying lengths with a
reducing end, indicative of muramidase activity and not lytic glyco-
sylase activity (anhydroMurNac product). Indeed, anhydroMurNac
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species have not been detected in S. pneumoniae cells (18, 20),
providing further support that MpgA and MpgB do not act as
lytic transglycosylases. This evidence was strengthened by the
construction of engineered S. pneumoniae AmpgA strains that
produced either E. coli MItG or wild-type MpgA under ectopic
expression. Following isolation of the PG from these strains,
1,6-anhydroMurNac species were detected only in cells express-
ing MItG. Taken together, these data demonstrate that MpgA
and MpgB are muramidases and not lytic transglycosylases, as
was previously predicted.

Given the high structural homology between MpgA and the
YceG family of proteins, including MItG, it is perplexing that the
activity of these enzymes is different. The authors (4) analyzed
over 10,000 sequences of YceG family proteins to identify con-
served residues and compared these to the sequence of MpgA.
Within the YceG domain, there is a conserved glutamate thought
to be required for catalysis, which is also observed in MpgA. Near
this conserved residue is an aspartate that is found in 95% of
YceG-containing proteins. However, in MpgA, an asparagine re-
sides at this position. The authors speculated that this change
from aspartate to asparagine may be sufficient to explain the dif-
ferences in enzymatic activity between MItG and MpgA. To test
this, they generated MItGP?**N and found that, instead of the
native anhydroMurNAc products, this mutant enzyme generated
only muramidase products from polymerized Lipid II. Thus, a sin-
gle amino acid change dramatically altered the mechanism of this
enzyme (Fig. 1). They also constructed MpgAN**P but found that
it still did not produce anhydroMurNAc species. They postulated
the evolutionary divergence of MpgA-like muramidases from lytic
transglycosylases, although it remains to be determined why this
would be advantageous.

While these studies show that MpgA and MpgB act as
muramidases on the nascent PG substrate, the resulting products
differ dramatically in size. MpgB cleavage results in loss of the
lipid tail and a disaccharide product, while MpgA generates a
product corresponding to seven disaccharide units. To elucidate
how MpgA and MpgB cleave nascent PG to different lengths,
Taguchi et al. (4) examined the LysM-like domain found in MpgA
that has significant homology to the LysM-like domain in MItG. A
recent report by Sassine et al. (23) demonstrated that MItG from
Bacillus subtilis and E. coli cleaved nascent PG to yield products
that were seven disaccharide units in length. Given this similarity
and the absence of this domain in MpgB, Taguchi et al. propose
that it plays a vital role in the recognition of substrate, enabling
cleavage at a distance farther from the lipid anchor (~70 A). When
the LysM-like domain was removed from MpgA, the enzyme kept
near-native levels of activity, but the resulting PG cleavage prod-
ucts were half the length of those from native MpgA. These data
imply that the LysM-like domain is important for recognition of the
extended substrate and/or simply required as a spacer to place
the catalytic domain farther away from the membrane (Fig. 1). The
role of this domain was further tested in a strain of S. pneumoniae
that expressed inducible wild-type MpgA and MpgA lacking the
LysM-like domain (mpgA*¥M). These cells were found to be
shorter and rounder than wild type, similar to those expressing
the catalytically compromised mutant, MpgAN***P, highlighting
the importance of the LysM-like domain and MpgA in determin-
ing cell shape and size.

The authors (4) propose that MpgA and MpgB perform impor-
tant roles in PG maturation, enabling the release of newly incor-
porated PG from the cytoplasmic membrane. This serves as
critical evidence that, unlike most cell wall hydrolases that are
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not membrane bound and function as PG degraders for cell divi-  providing a potent reminder than even a few atoms can alter the
sion, MpgA and MpgB may represent a vastly understudied group  function and activity of closely related enzymes.

of membrane-bound glycosidases that are present in most bacte-
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