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ABSTRACT

Bacteria near-universally contain a cell wall sacculus of murein (peptidoglycan), the synthesis of which has been
intensively studied for over 50 years. In striking contrast, archaeal species possess a variety of other cell wall types, none of
them closely resembling murein. Interestingly though, one type of archaeal cell wall termed pseudomurein found in the
methanogen orders Methanobacteriales and Methanopyrales is a structural analogue of murein in that it contains a glycan
backbone that is cross-linked by a L-amino acid peptide. Here, we present taxonomic distribution, gene cluster and
phylogenetic analyses that confirm orthologues of 13 bacterial murein biosynthesis enzymes in pseudomurein-containing
methanogens, most of which are distantly related to their bacterial counterparts. We also present the first structure of an
archaeal pseudomurein peptide ligase from Methanothermus fervidus DSM1088 (Mfer336) to a resolution of 2.5 Å and show
that it possesses a similar overall tertiary three domain structure to bacterial MurC and MurD type murein peptide ligases.
Taken together the data strongly indicate that murein and pseudomurein biosynthetic pathways share a common
evolutionary history.
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INTRODUCTION

The development of cell walls was a vital step in the early evo-
lution of life approximately 4 billion years ago and is one of

the main features distinguishing archaea from bacteria (Kan-
dler and König 1993; Kandler 1993; Martin et al. 2008; Albers and
Meyer 2011; Tashiro et al. 2017). The most important functions of
cell walls are to maintain cell shape and protect against osmotic
pressure; they can also provide attachment sites for cell proteins
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and biomolecules (Boucher et al. 2003; Bouhss et al. 2008; Dramsi
et al. 2008; Egan et al. 2017).

The biosynthetic pathway of bacterial murein (peptidogly-
can; Fig. 1) has been studied for over 50 years and is the tar-
get of numerous important antibiotics (Mandelstam and Rogers
1959; Schneider and Sahl 2010; Bugg et al. 2011). The biosyn-
thesis of the murein pentapeptide monomer, starting with
GlmS (glutamine-fructose-6-phosphate transaminase (isomer-
izing; EC 2.6.1.16) to its export, requires ∼13 enzymes, depen-
dent on species (Bouhss et al. 2008). The murein glycan back-
bone contains alternating N-acetyl-D-glucosamine (NAG) and N-
acetyl-D-muramic acid (NAM) residues linked by β(1–4) bonds.
Bacterial murein biosynthesis occurs in three phases, intracel-
lular, membrane-associated and final extracellular cross-linking
(Scheffers and Pinho 2005). In brief, enzymes GlmS, GlmM and
bifunctional GlmU (Table S1, Supporting Information) synthe-
size UDP-NAG which is converted to UDP-NAM by MurA and
MurB (Bugg et al. 2011). The cross-linking peptide is then added
through sequential amino acid addition by peptide ligases MurC,
MurD, MurE and MurF. The NAM-pentapeptide moiety is subse-
quently transferred to the membrane undecaprenyl-C55 carrier
(UppP) by the integral membrane protein MraY to form Lipid
I, and a NAG moiety is added by MurG to form Lipid II. A flip-
pase (MurJ; Ruiz 2015) enables the extracellular export of the
cell wall monomer with transglycosylases and transpeptidases
(penicillin-binding proteins; PBPs) ultimately producing mature
murein (Mohammadi et al. 2011; Caveney, Li and Strynadka 2018;
Kumar et al. 2019). The composition of murein can show differ-
ences in the peptide cross-link, the main one being catalyzed
by MurE which adds either L-Lys in Gram-positive bacteria or
meso-diaminopimelic acid (m-DAP) in the case of Gram-negative
bacteria (Barreteau et al. 2008).

From an evolutionary perspective, it is significant that
no archaea possess a murein cell wall, but instead pos-
sess a variety of different cell wall types including sulfated-
heteropolysaccharides, methanochondroitin, glutaminylglycan,
proteinaceous sheaths, halomucin, pseudomurein and glyco-
protein surface layers (e.g. S-layers; Kandler and König 1993;
Albers and Meyer 2011), with the latter being the most common
(Claus and König 2010; Klingl, Pickl and Flechsler 2019). Due to
their broad taxonomic distribution in archaea and the lack of
complexity, S-layers have been suggested to have been the first
archaeal cell wall to develop (Albers and Meyer 2011). In some
genera such as Sulfolobus the S-layer can be the only cell wall
component present (Albers and Meyer 2011; Gambelli et al. 2019).
By contrast, bacteria only rarely lost their murein-based cell wall
(and did not invent S-layers as substitutes) (Albers and Meyer
2011; Meyer and Albers 2014).

Pseudomurein of archaea is a structural analogue of
murein, comprising a peptide cross-linked glycan backbone,
but the chemistry shows major differences (Fig. 1; Formanek
1985). These include the presence of a methanogen-specific
aminosugar N-acetyl-L-talosaminuronic acid (NAT), β(1–3)
bonds in the glycan backbone and isopeptide bonds (ε and γ ) and
use of only L-amino acids in the peptide stem (Fig. 1; Hartmann
and König 1990, 1994; König, Hartmann and Kärcher 1993). Pseu-
domurein peptide biosynthesis has been proposed to proceed
through the biosynthesis of the unusual UDP-Nα-glutamyl-γ -
phosphate precursor that is formed in three steps, not through
UDP-N-acetylmuramic acid as in bacteria (Hartmann and König
1994; König, Hartmann and Kärcher 1993; Kandler and König
1998; Leahy et al. 2010). Analogous to murein biosynthesis,
pseudomurein peptide stem amino acids are ligated to the
UDP-Nα-glutamyl-γ -phosphate in a series of ATP-dependent

Figure 1. Comparison of the structure of methanogen pseudomurein and bac-
terial murein. NAG, N-acetylglucosamine; NAT, N-acetyltalosaminuronic acid;

NAM, N-acetylmuramic acid. Methanogen pseudomurein contains; L-amino
acids, β (Kandler and König 1993; Kandler 1993; Tashiro et al. 2017) bonds and
N-acetyltalosaminuronic acid in the glycan chain, and several unusual isopep-
tide bonds. 1, Glu can be replaced by Asp; 2, Ala can be replaced by Thr or Ser,

in some strains (Kandler and König 1993). Bacterial murein contains; D- and L-
amino acids, and β (Kandler and König 1993; Kandler 1993; Albers and Meyer
2011; Tashiro et al. 2017) bonds and N-acetylmuramic acid in the glycan chain.
The figure was adapted and modified from Schofield et al. (Schofield et al. 2015).

reactions to produce UDP-L-Glu-γ -L-Ala-ε-L-Lys-L-Ala with an
additional glutamic acid residue attached to the L-Lys residue
via a γ bond (Hartmann and König 1994). During this process,
the growing pseudomurein UDP-peptide becomes linked to
the glycan backbone at an early cytoplasmic biosynthesis step
whereas in bacteria this occurs at the membrane in a reaction
catalyzed by MurG. It is then exported to outside the cell for final
cross-linking involving analogues of MraY, UppP, UppS, flippase
and transglutaminase (Leahy et al. 2010). Pseudomurein has a
very limited phylogenetic distribution, being only found in some
methanogenic archaea represented by the orders Methanobac-
teriales and Methanopyrales (Hartmann and König 1990, 1994;
König, Hartmann and Kärcher 1993; Albers and Meyer 2011).

Owing to the differences between pseudomurein and murein
biosynthesis and chemistry, it has been proposed that the evo-
lution of the two cell wall biosynthesis pathways occurred inde-
pendently of each other (Kandler and König 1993; Albers and
Meyer 2011; Errington 2013). However, four murein peptide ligase
homologues were identified in the first methanogen genomes
sequenced for pseudomurein-containing Methanothermobacter
thermautotrophicus �H and Methanopyrus kandleri (Smith et al.
1997; Slesarev et al. 2002). Similarly, orthologues of most murein
biosynthesis proteins were also identified, including key pro-
teins such as MurG and an O-antigen teichoic acid transporter-
like protein. Leahy et al. (2010) were the first to specifically focus
on the proteins involved in pseudomurein biosynthesis and pro-
posed a pathway mainly based on the biochemical pathway pro-
posed by Hartmann et al. (Hartmann and König 1994; König,
Hartmann and Kärcher 1993; Kandler and König 1998), includ-
ing the possible use of transglutaminases to aid cross-linking
of pseudomurein. In the latter paper, no attempt was made to
assign individual Mur ligase family proteins to a particular lig-
ase step or class, examine gene clustering patterns or perform
phylogenetic analyses which could help unravel the evolution
of pseudomurein synthesis. Methanogenesis is often consid-
ered to represent one of life’s most ancient metabolisms (Decker,
Jungermann and Thauer 1970; Ueno et al. 2006; Wong et al. 2007,
2016; Martin et al. 2008; Di Giulio 2009; Kelly, Wickstead and
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Gull 2011; Petitjean et al. 2015; Weiss et al. 2018; Borrel et al.
2019). While methanogens were indicated to be contained solely
within the Euryarchaea (Bapteste, Brochier and Boucher 2005;
Evans et al. 2015; Borrel et al. 2019), recent studies have identified
novel archaea that possess traits of methanogenic metabolism
in non-Euryarchaeal phyla including Bathyarchaeota and the
Verstraetearchaeota within the TACK superphylum (Evans et al.
2015; Castelle and Banfield 2018; Berghuis et al. 2019). This
broader taxonomic distribution supports an early origin for
methanogenesis in the Archaea (Borrel et al. 2019). Elucidating
the evolutionary interconnections between pseudomurein and
murein biosynthesis has the potential to provide insights into
one of life’s most critical early cellular achievements, the for-
mation of cell walls.

In order to characterize the potential evolutionary rela-
tionships between the origins of pseudomurein and bacterial
murein biosynthesis pathways we have built upon the ini-
tial findings of Leahy et al. (2010) by conducting further pro-
tein sequence searches using bacterial murein and putative
archaeal pseudomurein biosynthesis enzymes, and performing
gene clustering, taxonomic distribution and phylogenetic anal-
yses on the basis of new structures and more thorough phy-
logenomic sampling. One key element to understanding how
the evolution of the two cell wall types occurred is the origin
of the archaeal peptide ligases which typically contain approxi-
mately 13–20% amino acid sequence identity over the full-length
of the proteins to their respective bacterial orthologues. One
confounding factor in the sequence analysis of peptide ligases
is that the bacterial ligases fall into two subclasses due to major
differences in their N-terminal domains (MurC/D and MurE/F;
Smith 2006). Since enzyme structure is more conserved than
amino acid sequence (Chothia and Lesk 1986; Illergård, Ardell
and Elofsson 2009), we pursued the structural determination of
an archaeal peptide ligase. We present here the first structure
of a pseudomurein peptide ligase (Mfer336) from the hyperther-
mophilic Methanothermus fervidus, which reveals that it shares
a similar overall 3-dimensional structure to bacterial MurC/D
peptide ligases. The new taxonomic distribution, phylogenetic,
gene clustering analyses and structural data provide important
insights into the biosynthesis of pseudomurein and the evolu-
tionary origins of cell walls in bacteria and archaea.

EXPERIMENTAL PROCEDURES

Sequence and phylogenetic analyses

Protein sequence searches used BLASTP and PSI-BLASTP with
the non-redundant database at NCBI or targeted particular
microbial genomes (Altschul et al. 1997). Firmicute sequences
such as from Bacillus subtilis subsp. subtilis str. 168 (Lake and
Sinsheimer 2013) (the original sequences used for the searches
are shown in Table S2, Supporting Information), were used for
initial PSI-BLASTP (0.005 threshold) searches in Archaea (iter-
ated until no further sequences were identified). Once archaeal
sequences were identified, these were also used to broaden the
searches (summarized in Tables S1 and S2, Supporting Infor-
mation). Representative peptide ligase sequences for a wide
phylogenetic survey of bacteria and pseudomurein-containing
methanogens from KEGG were used for construction of the phy-
logenetic trees using MEGA7 (Kumar, Stecher and Tamura 2016).
Amino acid alignments were produced using Muscle within
MEGA7 and trees generated using the Maximum Likelihood,
Neighbor-Joining, Minimum Evolution and Maximum Parsimony

methods. Bootstrapping (100 iterations) was used to examine
the robustness of the branching patterns.

Cloning and expression of Mfer336 pseudomurein
peptide ligase

The M. fervidus (DSM 1088) gene Mfer336 was codon-optimized
for expression in Escherichia coli using the vector pET15b (Gen-
script, Singapore). Expression and enzyme purification were
performed essentially as described by Zhang et al. (2017)
and utilized nickel nitrilotriacetic acid (Ni2+-NTA) chromatog-
raphy (Jena Bioscience, Germany). The final buffer for per-
forming crystallization experiments was 20 mM MOPS (3-(N-
morpholino)propanesulfonic acid), pH 7.0, 500 mM KCl and
2 mM TCEP (tris(2-carboxyethyl)phosphine).

Crystallization, X-ray diffraction and data collection

Crystallization experiments were performed using freshly pre-
pared Ni2+-NTA purified Mfer336 protein with sparse-matrix
or grid-screening plates using the sitting drop method. 75 μL
of crystal screening condition was pipetted into plate reser-
voirs, 1.0 μL of purified Mfer336 was placed into the crystal-
lization well to which 1.0 μL of reservoir solution was added.
Crystal condition, 0.2 M lithium sulfate, 0.1 M BIS-Tris, pH
5.5, 25% w/v PEG3350 (JCSG-plus screen; Molecular Dimen-
sions, UK) produced thin-plate crystals. The crystal condi-
tion was optimized using Silver Bullets crystallization additive
screen (Hampton Research, Aliso Viejo, CA, USA) in a 1:9 ratio.
Plates were incubated at 21◦C and growth was monitored. The
best Mfer336 protein crystal was produced using 0.33% (w/v)
1,5-naphthalenedisulfonic acid disodium salt, 0.33% (w/v) 2,5-
pyridinedicarboxylic acid, 0.33% (w/v) 3,5-dinitrosalicylic acid
and 0.02 M HEPES, pH 6.8 and harvested in mother liquor
with 25% (v/v) glycerol as cryo-protectant. X-ray diffraction data
sets were collected at 100 K with an oscillation angle of 0.5◦

over a 360◦ range at the Australian Synchrotron beamline MX1
(McPhillips et al. 2002; Cowieson et al. 2015) with a detector dis-
tance of 200 mm using a double-crystal monochromator energy
of 13 keV.

Phasing, model building, refinement and structure
analyses

The crystals showed P42212 symmetry with unit cell parameters
a = b = 97.8 Å and c = 138.2 Å corresponding to a solvent con-
tent of 59.5% with a single molecule in the asymmetric unit. The
X-ray data were anisotropic with diffraction beyond 2.3 Å in the
best directions (hk plane) but only to 3.0 Å in the weakest direc-
tion (l-axis); data were processed to 2.5 Å. The Mfer336 structure
was determined by molecular replacement as implemented in
MoRDa (Vagin and Lebedev 2015) which led to a partial model
based on the Pseudomonas aeruginosa MurF (PDB-4CVK A) mid-
dle and C-terminal domains. Buccaneer (Cowtan 2006), within
CCP4 (Hough and Wilson 2018), was used for further model build-
ing and sidechain fitting to the Mfer336 amino acid sequence.
The N-terminal domain for Mfer336 could not be modelled by
automated model building programs and was built manually
in Coot (Emsley et al. 2010) and refined with REFMAC5 (Mur-
shudov et al. 2011) and PHENIX (Adams et al. 2010) including
automatic water placement. MolProbity (Davis et al. 2004) was
used for model validation during model building. Dali was used
to find the closest structural homologues (Holm and Laakso
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2016) of Mfer336 (including individual N-terminal, middle and
C-terminal domains).

RESULTS

Identification of core cell wall biosynthesis enzymes,
taxonomic distribution and phylogenetic analyses

Sequences of core bacterial murein monomer biosynthesis
enzymes, and those required for murein export and cross-
linking, and archaeal enzymes indicated by gene clustering pat-
terns to be required for pseudomurein formation, were used
in BLASTP and/or PSI-BLASTP (Altschul et al. 1990, 1997; Van
Heijenoort 1998; Smith 2006; Schneider and Sahl 2010; Bugg
et al. 2011) searches of archaea. Properties of the core enzymes
involved in murein and pseudomurein biosynthesis are summa-
rized in Table S1 (Supporting Information; Van Heijenoort 1998;
Smith 2006) and the taxonomic distribution of the enzymes in
Archaea is summarized in Table S2 (Supporting Information).

To search for the presence of glycan subunit biosynthe-
sis enzymes, M. fervidus GlmS, GlmM and GlmU sequences
were used in BLASTP searches of bacterial and archaeal
genomes resulting in conserved orthologues being widely found
across both domains (>1600 hits in archaea for each of the
three enzymes). The enzymes GlmS, GlmM and GlmU lead to
the formation of UDP-N-acetylglucosamine and are found to
be universally present, including in pseudomurein-containing
methanogens. Significantly, when MurA and MurB sequences
from the Gram-positive Firmicute B. subtilis subsp. subtilis str.
168 were used for searches of archaea no hits were identi-
fied in pseudomurein-containing methanogens, and only six
and eight sequences (respectively) in other archaea (see Tables
S1 and S2, Supporting Information). Thus, MurA and MurB
which are required for the early steps in murein biosynthe-
sis are absent in pseudomurein-containing methanogens. It is
unclear what the roles of MurA-like (UDP-N-acetylglucosamine
1-carboxyvinyltransferase) and MurB-like proteins are in other
archaea, but since murein has not been found in any archaea
these MurA orthologues may simply function in aromatic
amino acid synthesis, as MurA possesses a high degree of
homology (circa 25%) with another enolpyruvyl transferase, 3-
phosphoshikimate 1-carboxyvinyltransferase, involved in aro-
matic amino acid biosynthesis. Another possibility, due to the
propensity for binding UDP, might be an unknown role in
biosynthesis of the cell walls of these other archaea or their
extracellular polysaccharides. MurB is a small dehydrogenase
which could be re-deployed to undertake another role, per-
haps in the cell wall synthesis in those archaea. The formation
of NAT has been proposed to require epimerase and oxidore-
ductase activities (Hartmann and König 1994); pseudomurein-
containing methanogens all contain orthologues of UDP-glucose
4-epimerase (GalE; EC 5.1.3.2) which may either catalyze the
interconversion of UDP-glucose/UDP-N-acetylglucose to the
respective galactose-based amino-sugars and possibly play a
role in the formation of NAT (Supporting Information; Carbone
et al. 2018).

To investigate enzymes that are likely to be involved
in synthesis of the pseudomurein peptide stem, bacterial
murein peptide ligases were used as search sequences of
archaea which identified orthologues of the bacterial pep-
tide ligases MurC, MurD and MurE in all pseudomurein-
containing methanogens, and MurF in all methanogens (includ-
ing pseudomurein-containing methanogens and in some of the
newly described non-Euryarchaeal methanogens (Evans et al.

2015; Castelle and Banfield 2018; Berghuis et al. 2019; Table
S2, Supporting Information). In all methanogens the peptide
ligase most similar to bacterial MurF (now termed CfbE) was
recently shown to catalyze a late step in the biosynthesis of
the methanogen cofactor F430 (Zheng et al. 2016; Moore et al.
2017). We refer to the pseudomurein-containing methanogen
peptide ligases as pMurC, pMurD1, pMurD2 and pMurE and
these are typically found in two gene clusters (Fig. 2; discussed
further below). In all pseudomurein-containing methanogens
two MurD-like sequence are found (pMurD1 and pMurD2).

We next investigated murein cell wall biosynthesis enzymes
with membrane-associated activities. Pseudomurein biosynthe-
sis shows several differences in the order of reaction steps as for-
mation of the disaccharide moiety of the glycopeptide monomer
occurs before the transfer to membrane protein by MraY (Hart-
mann and König 1990) rather than afterwards as in bacteria.
In bacteria, MraY is a membrane phospho-N-acetylmuramoyl-
pentapeptide transferase (EC 2.7.8.13) that catalyzes the trans-
fer of the phospho-N-acetylmuramoyl-pentapeptide to C55

undecaprenyl-phosphate at the intracellular face of the mem-
brane. MraY sequences are found in most archaeal phyla
(Table S2, Supporting Information) and are universally dis-
tributed in bacteria. Similar to the study by Leahy et al. (2010)
MurG, UppP, UppS and flippase sequences were also found
for pseudomurein-containing methanogens (Supporting Infor-
mation). Thus, pseudomurein-containing methanogens possess
orthologues of all the membrane-associated enzymes steps
in the biosynthesis of murein (i.e. MurG, MraY, UppP, UppS
and flippase). Interestingly, Leahy et al. (2010) also identified
two hypothetical transmembrane proteins that are only found
in pseudomurein-containing methanogens (corresponding to
Mfer371 and Mfer259/Mfer218). Neither of these two genes are
associated with the two main gene clusters for peptide ligases
(described below) and it is unclear if these gene products have
any role in pseudomurein biosynthesis.

Little or no evidence was found for archaeal orthologues of
enzymes involved in modification of murein, such as FEM pro-
teins that add glycine residues to the peptide stem, or final
cross-linking (transglycosylases or transpeptidases) or murein
recycling enzymes (Tables S1 and S2, Supporting Information).
In contrast, the final extracellular cross-linking of pseudo-
murein has been postulated to be catalyzed by transglutami-
nases (Leahy et al. 2010), some of which may be involved in
cell wall recycling (Supporting Information). When the phage
endoisopeptidase PeiW, which contains a C-terminal transglu-
taminase domain, was used in PSI-BLASTP searches of archaea,
>650 hits above threshold were found, the large majority (>460)
in pseudomurein-containing methanogens (Makarova, Aravind
and Koonin 1999). Many of these are annotated as adhesins in
gut methanobacterial species which are likely involved in bind-
ing to other components and/or cells in the gut milieu (Leahy
et al. 2010).

Identification of pseudomurein biosynthesis gene
clusters and comparison to the dcw bacterial division
and cell wall biosynthesis gene cluster

We identified two separate gene clusters encoding enzymes
likely involved in pseudomurein peptide stem formation
pMurC, pMurD1, pMurD2 and pMurE (Hartmann and König
1990; Hartmann and König 1994; Claus and König 2010). These
are present in all pseudomurein-containing methanogens
and are not found in other methanogens. Gene Cluster 1
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Figure 2. (A) Pseudomurein biosynthesis Gene Cluster 1. Genes are identified by the color arrow code below and the number of occurrences in a sample of 27

pseudomurein-containing archaeal genomes is on the right. Gene cluster types are classed by letters on the left margin. The overlapping grey/orange arrows indicate
the genes have been annotated as being fused/overlapping;/, one gene separated;//, two genes separated. The arrowhead of each gene represents its direction in the
genome. Methanothermobacter thermautotrophicus �H and Methanothermobacter marburgensis display the Type 1A gene clustering pattern. Species within each of the

1A–1D cluster types are shown in Supporting Information. The Methanothermus fervidus enzymes which show the cluster type 1C gene order are Mfer340, Mfer337,
Mfer336, Mfer335 and Mfer334, respectively (left to right). (B) Pseudomurein biosynthesis Gene Cluster 2. Genes are shown for 29 pseudomurein-containing genomes.
Gene cluster types are classed by letters on the left margin and the number of instances that these occur in the right-hand margin (/, one gene separated;//, two
genes separated; . . . , not closely associated with pMurE in genome). The proteins in M. fervidus that show the cluster type 2A gene order are Mfer760 (D-Ala-D-Ala

ligase), Mfer761 (MraY), Mfer762 (pMurE), Mfer763 and Mfer764, respectively (left to right). The latter two proteins are highly conserved pseudomurein-containing
methanogen transmembrane domain-containing proteins. The species in each of the 2A–2I cluster types are shown in Supp. Information. Ddl, D-Ala-D-Ala ligase; Con
Pro, conserved pseudomurein-containing methanogen genes encoding proteins with predicted transmembrane domains.

(Fig. 2A) contains two ORFs invariably present in pseudomurein-
containing methanogens (exemplified by Mfer334 and Mfer335;
Fig. 2 cluster Type 1C) and at least one pseudomurein peptide
ligase (C/D type). Mfer335-related sequences are restricted to
pseudomurein-containing methanogens and the protein is
predicted to possess a membrane insertion domain close to
the N-terminus. Mfer334 shows distant similarity to MocA (EC
2.7.7.76; a nucleotidyl transferase), MobA-like and GlmU-like
proteins (nucleotidyl transferases EC 2.7.7.77 and EC 2.7.7.23,
respectively) (Jagtap et al. 2012; Marchler-Bauer et al. 2017).

Gene Cluster 2 (Fig. 2B) always includes three genes encod-
ing proteins implicated in cell wall biosynthesis: MraY (Mfer761),
pMurE (Mfer762) related to bacterial MurE peptide ligase and
a D-Ala-D-Ala ligase or CarB (Mfer760). In some cases, pMurC
and/or pMurD1 genes are also present. Two other highly con-
served genes (Mfer763 and Mfer764) which encode proteins with
transmembrane-containing domains are always found down-
stream of the gene encoding pMurE, but the protein sequences
share no homology with any annotated proteins in the non-
redundant database. These enzymes could represent examples
of de novo archaeal evolutionary solutions to cell wall biosyn-
thesis. The D-Ala-D-Ala ligase/CarB protein is a member of the
ATP-grasp family (Makarova, Aravind and Koonin 1999). In bac-
teria, D-Ala-D-Ala ligase catalyzes the formation of the D-Ala-
D-Ala dipeptide prior to its addition to the growing murein pep-
tide stem (Bugg et al. 2011). The role of Mfer760 in pseudomurein
biosynthesis is not clear, but one possibility is in the three-step

formation (Hartmann and König 1994) of the starting substrate
UDP-Nα-glutamyl-γ -phosphate (Supporting Information).

Although Gene Clusters 1 and 2 account for most of the
key activities in the biosynthesis of the pseudomurein pep-
tide monomer, there are other gene clusters in pseudomurein-
containing methanogens. For example, GlmM and GlmU are
usually associated with each other, along with PGM (phos-
phoglucomutase EC 5.4.2.2). In addition, in approximately half
of pseudomurein-containing methanogens, orthologues to bac-
terial cell wall modification/amidation enzymes MurT and a
CobB/CobQ domain-containing glutamine transferase (GatD) are
associated with each other (Münch et al. 2012).

The composition and order of the genes in pseudomurein
Gene Clusters 1 and 2 differs largely from that of the division
and cell wall (dcw) cluster of peptidoglycan biosynthesis genes
in bacteria (Tamames et al. 2001; Figure S1, Supporting Infor-
mation). The two gene pairings that are the most conserved in
the dcw gene cluster are murD-ftsW and ftsW-murG (Tamames
et al. 2001). PSI-BLASTP searches were performed using the B.
subtilis subsp. subtilis str. 168 sequences and it was found that
pseudomurein-containing methanogens do not contain ortho-
logues of FtsL, FtsI, FtsQ, FtsW and MraW, and FtsA orthologues
are only rarely found (e.g. in only four species; not shown). In
addition, whereas in the E. coli and B. subtilis dcw gene clus-
ter patterns all four Mur peptide ligase-encoding genes can
be found either in the cluster or close by, in pseudomurein-
containing methanogens the pMur genes are almost always split
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Figure 3. Cartoon representation of the Mfer336 peptide ligase structure. Each
domain is colored (yellow for N-terminal, violet and green for middle domain
and orange for C-terminal) with the connecting loops, presumed hinge regions,
colored in blue. The insertion region (green) in the middle domain, between β10

and β13, contains a zinc-binding site formed by four conserved cysteine residues
represented as sticks and bound zinc shown as a grey sphere. The signature
ATPase P-loop conserved for the Mur-family ligases is shown in red.

into two clusters, and MurG orthologue-encoding genes are not
associated with either Gene Cluster 1 or Gene Cluster 2.

The crystal structure of an archaeal pseudomurein
peptide ligase

Whereas most of the enzymes involved in pseudomurein syn-
thesis can be identifed reliably from sequence analyses, the
assignment of pseudomurein peptide ligases to subclasses is
more problematic. Given the large differences in the chem-
istry of the peptide cross-linking between murein and pseu-
domurein, the roles of peptide ligases are key to understand-
ing how pseudomurein developed. While phylogenetic analy-
sis has been unable to clearly implicate the individual activi-
ties of the pMurs, a crystal structure offered the potential for
more definitve assignments. The crystal structure of the M.
fervidus peptide ligase Mfer336 was determined at 2.5 Å reso-
lution. The structure comprises three domains with a central
domain flanked by N- and C-terminal domains (Fig. 3) revealing
a similar fold to murein peptide ligases. The Mfer336 N-terminal
domain (residues 1–102) is a Rossmann-like fold with a central
five-stranded β-sheet and alternating helices and is presumed
to bind the UDP-amino acid precursor UDP-Nα-glutamyl-γ -
phosphate (by homology to the bacterial Mur ligase N-terminal
domain that binds the UDP-MurNAc substrate). The central
Mfer336 domain (108–348) is a P-loop-containing ATP-binding
domain with a core of an eight-stranded predominantly parallel
(7/8 strands) β-sheet flanked by three helices on either side and
an inserted Zn2+-ribbon motif unique to archaeal peptide ligases
(Figures S2 and S4, Supporting Information). The C-terminal
domain (355–491) is another Rossmann-like fold of a six-
stranded β-sheet domain. The three domains are linked by short
hinged regions (König, Kandler and Hammes 1989; Coutinho
et al. 2003; Pettersen et al. 2004; Lairson et al. 2008; Lombard et al.
2013), 349–354). A structure-based similarity search (Holm and
Laakso 2016) showed that Mfer336 is similar to bacterial murein
peptide ligases with the highest structural similarity to MurC.
Clear structural homology is present for the Mfer336 middle and

Figure 4. Domain structural analysis comparison of Mfer336 and bacterial MurC
peptide ligases (Holm and Laakso 2016). The Mfer336 structure is shown as blue,
Thermotoga maritima MurC 1J6U orange, Haemophilus influenzae MurC 1P3D purple,

E. coli MurC 2F00 cyan, Yersinia pestis MurC 4HV4 grey and Pseudomonas aerug-

inosa MurC 5VVW pink, for each domain. (A) The Mfer336 N-terminal domain
compared to bacterial MurC N-terminal domains. (B) The middle domain com-
parison with the conserved P-loop shown in red. The Mfer336 middle domain

contains a Zn2+-ribbon insertion region on the left. (C) The C-terminal domain
comparison. The structural alignment was calculated from the best-aligning pair
of chains considering each domain of the Mfer336 structure as a reference struc-

ture using Chimera (Pettersen et al. 2004). The structure of 5VVW does not con-
tain the C-terminal domain. (D) Tertiary structural comparison of Mfer336 (blue)
with H. influenzae MurC (purple). The superposition was calculated based on the
middle domain.

C-terminal domains with all bacterial Mur peptide ligase struc-
tures, but structural alignment is only possible for the Mfer336
N-terminal domain with bacterial Mur C/D-type ligases and not
E/F-type structural orthologues (Table S5, Supporting Informa-
tion). It is the N-terminal domain that distinguishes the MurC/D
type from the MurE/F in bacteria (Smith 2006; Dı́az-Mejı́a,
Pérez-Rueda and Segovia 2007). The topology of the MurC/D
N-terminal domain contains five parallel β-strands flanked by
alternating α-helices. In contrast, the N-terminal domain of
MurE and MurF contains five β-strands with one arranged in
an antiparallel fashion distinct from the MurC/D type (Smith
2006; Dı́az-Mejı́a, Pérez-Rueda and Segovia 2007). Mur peptide
ligases have an ATPase P-loop at the interface of the middle and
C-terminal domains (Figure S3A, Supporting Information), the
UDP moiety of the growing nucleotide-peptide substrate binds
to the N-terminal domain, and the C-terminal domain binds the
amino acid to be added (Mol et al. 2003; Smith 2006).

One clear difference between the Mfer336 pMurC and murein
bacterial peptide ligases is the presence of a Zn2+-binding
domain (see Figs 3 and 4; Figures S2 and S4, Supporting Informa-
tion). The inserted (relative to bacterial sequences) amino acids
between residues 239–289 in the middle domain extend from the
conserved middle domain fold forming two antiparallel strands
(β11 and β12) arranging four Cys residues (C257, C260, C279
and C281) into a tetrahedral Zn2+-binding site (average Cys-Zn2+

bond length of 2.3 Å) forming a zinc-ribbon motif (Gamsjaeger
et al. 2007; Figure S2, Supporting Information). The insertion and
Cys residues are conserved among archaeal pMurC sequences
(Figure S4, Supporting Information), implying that a homologous
Zn2+-ribbon is structurally conserved. Conserved Cys residues
are present for some pMurD1 sequences.
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The conservation of the Mfer336 pMurC overall tertiary
structure, individual domain folds (N-terminal, middle- and C-
terminal; Fig. 4A–C) and full-length protein (Fig. 4D) and P-
loop with bacterial homologues suggests a similar catalytic
mechanism. Bacterial Mur enzymes typically adopt an ‘open’
conformation in the apo state and undergo a conformational
change, via domain rigid body motion (Bertrand et al. 2000), to
a ‘closed’ conformation when the substrate binds (Smith 2006).
The pMurC domains form a continuous surface suitable for a
conserved reaction mechanism invoking conformational move-
ments of the three domains. The N-terminal domain is oriented
so that the growing UDP-peptide substrate could be activated
for ligation of the additional amino acid by the middle domain
ATPase site in an analogous mechanism to that described for
bacterial Mur ligases (Smith 2006). Due to the lack of a suitable
substrate, the peptide ligase activity for Mfer336 could not be
confirmed.

Phylogenetic and sequence analysis was performed to inves-
tigate which step Mfer336 could catalyse in pseudomurein
biosynthesis, with an emphasis on the bacterial MurC/D fam-
ily. A phylogenetic comparison using representative sequences
from bacterial MurC-F from representative diverse bacterial
phyla and pseudomurein pMurC, pMurD1, pMurD2 and pMurE,
and CfbE classes was generated using the Maximum Likeli-
hood method (Fig. 5; associated traditional Newick tree in Fig-
ure S5, Supporting Information; implemented in MEGA7; Kumar,
Stecher and Tamura 2016). An alignment for representative
sequences in Fig. 5 from each clade is shown in Figure S6 (Sup-
porting Information). The tree in Fig. 5 incorporates sequences
with a wide taxonomic diversity with the protein sequence %
identities for the sequence comparison for Mfer336 with MurC
proteins ranging from 12.3% (Spirochaeta thermophila) to 19.8%
(Caldicellulosiruptor kristjanssonii). For the Mfer336-MurD protein
comparison the range was 13.0% (Acetobacter aceti) to 19.5% (Ther-
moanaerobacter brockii). It should be mentioned that most of the
identity is associated with the middle domain, the largest and
the most conserved of the three domains. All nine enzyme types
branched separately from each other with strong bootstrap sup-
port (eight clades >90%, one 76% (CfbE)). By contrast, eight of
the nine nodes between the individual enzyme clades were not
resolved (i.e. ≤40% bootstrap support). There was a 43% boot-
strap support for an association between the pMurC and pMurD1
clades. M. kandleri was the earliest diverging pseudomurein pep-
tide ligase sequence in the CfbE, pMurE and pMurD2 clades,
and was second in the pMurD1, (after the hyperthermophilic
M. fervidus sequence). For pMurC, the M. kandleri sequence was
the third deepest, after the M. fervidus sequence (Mfer336). A
phylogenetic tree showing only pseudomurein peptide ligase
sequences is presented in Figure S7 (Supporting Information)
and reveals similar highly supported individual clades to Fig. 5
but without support for any interconnecting node (see Support-
ing Information).

DISCUSSION

One of the major differences between bacterial and archaeal
cells is found in their cell walls. Murein cell walls are near-
universally found in bacterial species (Errington 2013); in
marked contrast, archaea contain a variety of structurally unre-
lated cell wall types (Kandler and König 1993; Albers and Meyer
2011). This suggests that cell wall synthesis underwent indepen-
dent evolutionary trajectories in the two domains. With respect
to pseudomurein, the differences in biosynthesis and chemistry
compared to those in murein have previously been considered

sufficiently significant to lead to the proposal that these two
pathways arose independently (Kandler and König 1993; Albers
and Meyer 2011; Errington 2013). We have confirmed here, how-
ever, that the pseudomurein-containing methanogens in the
archaeal orders Methanobacteriales and Methanopyrales pos-
sess orthologues of most bacterial murein biosynthesis enzymes
(Leahy et al. 2010) and show that the key peptide biosynthe-
sis encoding genes are present in well-conserved gene clusters.
Furthermore, we have provided evidence that the putative M.
fervidus pseudomurein peptide ligase Mfer336 pMurC is clearly
related in structure to bacterial MurC/D class murein peptide lig-
ases. These new data, when combined with our taxonomic dis-
tribution analysis and the identification of other proteins poten-
tially involved, enables a fresh look at how the two pathways
evolved.

Due to the number of bacterial homologues that are sug-
gested to be involved in pseudomurein biosynthesis, it is
instructive to first examine the development/assembly of the
murein biosynthesis pathway itself from an evolutionary per-
spective. The production of UDP-N-acetylglucosamine by GlmS,
GlmM and GlmU was possible by widely distributed univer-
sally present enzyme activities. A 4-aminosugar epimerase
activity (GalE-like) is also near-universal in all microorgan-
isms and would catalyze the interconversion of UDP-N-
acetylglucosamine and UDP-N-acetylgalactosamine, the latter a
common component of pseudomurein (Claus and König 2010).
GalE-like UDP-glucose 4-epimerases are widely present in all
organisms and were therefore likely to have been in the last uni-
versal common ancestor (LUCA; Ishiyama et al. 2004; Kanehisa
et al. 2017). MurA is related to a key enzyme in the biosynthesis
of aromatic amino acids (3-phosphoshikimate 1-carboxyvinyl
transferase) which is widely distributed in bacteria and some
archaea (methanogens and halophilic microorganisms) and is
likely to have been the precursor of MurA (Krekel et al. 1999).
MurB is a NADPH and FAD-dependent reductase, and Dali (Holm
and Laakso 2016) structural analysis revealed that it is related
to several other types of NAD and/or FAD-dependent enzymes,
suggesting that it evolved from an oxidoreductase precursor
in LUCA. The murein peptide ligases represent a key aspect
of the evolution of the murein biosynthesis pathway. Interest-
ingly, bacterial peptide ligases are distantly related to a folate
biosynthesis enzyme (FolC or FPGS; folylpolyglutamate syn-
thase; EC 6.3.2.17) which adds multiple glutamate residues in
the final steps in folate biosynthesis (Smith 2006; Dı́az-Mejı́a,
Pérez-Rueda and Segovia 2007). FPGS possesses two of the
murein peptide ligase domains, the central ATPase domain and
the C-terminal Rossman dihydrofolate reductase (DHFR)-like
fold domain. FPGS orthologues are widely present in archaea,
including the DPANN and Euryarchaea, suggesting the FPGS
was present in LUCA. It is possible that a common two-domain
ancestor (containing the middle and C-terminal domains) could
have diverged to bring forth FPGS, and murein peptide ligases by
addition of the N-terminal domains of the MurC/D and MurE/F
ligase types in separate events. For the membrane-associated
steps, MurG is a Type B glycosyl transferase which are widely dis-
tributed in bacteria and archaea and are thought to be an ancient
enzyme family, likely present in LUCA (Breton et al. 2006; Bre-
ton, Fournel-Gigleux and Palcic 2012). MraY is an integral mem-
brane enzyme present in virtually all bacteria and in numerous
archaea (Table S2, Supporting Information) and is also likely to
have been in LUCA (Chung et al. 2013). Similarly, UppP and UppS
are also widely present and have been suggested to have been
early evolving enzyme activities (Lurie-Weinberger et al. 2012;
Lombard 2016). The widespread presence of flippase in both

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sm
icrobes/article/doi/10.1093/fem

sm
c/xtab012/6356954 by U

niversitaetsbibliothek user on 18 N
ovem

ber 2021



8 FEMS Microbes, 2021, Vol. 2

Figure 5. Molecular phylogenetic analysis of murein peptide ligases and their homologues in pseudomurein-containing methanogens (Kumar, Stecher and Tamura

2016). Methanopyrus kandleri AV19 sequences are deeply rooted in pseudomurein peptide ligase clades and are highlighted in blue. The Mfer336 sequence is shown in
red font. The analysis includes 155 amino acid sequences (59 methanogen and 96 bacterial) and there were 187 conserved positions used in the final dataset. Support at
nodes was calculated by non-parametric bootstrap on 100 pseudo-replicates of the original alignment. The tree was inferred using the Maximum Likelihood method

based on the JTT matrix-based model as implemented in MEGA7 (Kumar et al. 2016). The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. Bootstrapping values at nodes showing ≤40% support were removed. An alignment for representative peptide ligases from each of the nine
clades is shown in Figure S6 (Supporting Information).

bacteria and archaea suggests that a flippase was present in
LUCA (Sham et al. 2014; Makarova, Galperin and Koonin 2015;
Ruiz 2015; Teo and Roper 2015). Interestingly, the enzymes
involved in murein extracellular cross-linking and recycling
are not found in pseudomurein-containing methanogens, or
in other archaea, indicating that these are specific to bacteria
(Tables S2 and S3, Supporting Information).

Based on the taxonomic distribution, gene clustering, phy-
logenetic, predicted enzymatic activity and structural analy-
sis data presented here, an evolutionary process underlying
the origin of the pseudomurein biosynthesis pathway (Hart-
mann and König 1994) can be envisaged. The evidence sug-
gests that the biosynthesis of the glycan-peptide monomer
would use the universally distributed GlmS/GlmM/GlmU, a UDP-
4-aminosugar epimerase, a MurG-like glycosyl transferase and
peptide ligases MurC, MurD1/D2 and MurE (discussed further
below). Evidence for archaeal orthologues of MraY, UppP, UppS
and flippase proteins being involved in pseudomurein biosyn-
thesis includes their presence in all pseudomurein-containing

archaea, the isolation of undecaprenyl pseudomurein interme-
diates from pseudomurein-containing methanogens (indicat-
ing that undecaprenyl acts as the lipid carrier at the mem-
brane (Hartmann and König 1990)), and the genomic clustering
of MraY with pMurC-E. In addition, pseudomurein-containing
methanogens are sensitive to bacitracin, which specifically tar-
gets bacterial UppP (Harris and Pinn 1985). Thus, at least 13
methanogen orthologues of bacterial enzymes can be confi-
dently identified as having a role in pseudomurein biosynthesis.
Significantly, genes for the individual enzymes that are likely
to be directly involved in peptide stem biosynthesis (pMurC,
pMurD1/D2, pMurE and subsequently MraY) and several other
highly conserved genes, including two that are only found in
pseudomurein-containing methanogens, are found in two con-
served clusters. The colocation of these genes in conserved
clusters is likely due to gains in functionality e.g. coordinated
gene synthesis to match the cell’s requirements. The enzymes
involved in the biosynthesis of the unique starting UDP-Nα-
glutamyl-γ -phosphate precursor are less clear, but clues can be
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found in the two gene clusters. Conserved archaeal enzymes
potentially with the appropriate catalytic activities are either
Mfer335 of pseudomurein Gene Cluster 1 or the ATP-grasp pro-
tein of Gene Cluster 2 (the D-Ala-D-Ala ligase/CarB; Mfer760) for
the first or third phosphoryl-transfer steps; and the GlmU-like
nucleotidyl transferase (Mfer334) for the second step.

Due to the large differences in chemistry of the peptide com-
ponent of pseudomurein, compared to murein (Fig. 1), it is use-
ful to examine the evidence for the role of archaeal pMurC-
pMurE peptide ligases in pseudomurein biosynthesis and their
evolution more closely. The taxonomic distribution, gene clus-
tering and sequence homologies presented here strongly indi-
cate that the addition of amino acids to the starting substrate
UDP-Nα-glutamyl-γ -phosphate during synthesis of the pseudo-
murein cross-linking peptide involves pMurC, pMurD1, pMurD2
and pMurE. The finding that all pseudomurein-containing
methanogens contain at least four orthologues of the bac-
terial murein peptide ligases, that they are found in con-
served gene clusters with other probable cell wall biosynthesis
enzymes, and that the pseudomurein gene clusters are absent
in non-pseudomurein-containing archaea indicates that these
enzymes are likely involved in formation of the pseudomurein
cross-linking peptide. The structure of Mfer336 (pMurC) shows
the highest overall similarity to bacterial MurC/D structures.
Based on the structural information available for published bac-
terial murein ligases and the observations derived from the
Mfer336 structure, it is clear that all the peptide ligases in
both cell wall biosynthesis pathways possess a highly conserved
ATPase middle domain (with a signatory ATP-binding P-loop)
and an amino acid-binding DHFR-like C-terminal domain. In
the case of murein peptide ligases, the Rossmann-like fold N-
terminal domains differ significantly between the MurC/D and
MurE/F classes. Enzymes that incorporate Rossmann folds are
widely present in both bacteria and archaea (Caetano-Anollés
et al. 2009).

Like any pathway, the pseudomurein pathway cannot have
arisen all at once. It likely emerged through the combination
of preexisting components, potentially with the aid of several
de novo-generated genes by the ancestors of pseudomurein-
containing methanogens. Our focus in the following is on the
origin of pseudomurein peptide ligases. Consistent with pre-
vious studies (Leahy et al. 2010; Nelson-Sathi et al. 2015), we
detected archaeal peptide ligases using MurC-MurF bacterial
peptide ligase protein sequence searches which overall pos-
sessed relatively low sequence identities (∼13–20% amino acid
identity over the full length of the proteins; Mol et al. 2003; Smith
2006). Much of the sequence identity was found in the relatively
large, conserved ATP-binding middle domain, with less conser-
vation being found for the N- and C-terminal domains (Figure
S6, Supporting Information). In order to examine possible evo-
lutionary links between cell wall peptide ligases we generated
a Maximum Likelihood phylogenetic tree for the larger family
of MurC-F/pMurC-F enzymes. Three central aspects emerge: the
early presence of peptide ligases, independent cell wall evolu-
tion in bacteria and archaea after their divergence from LUCA,
and their connections to other ancient pathways. For exam-
ple, the phylogenetic tree (Fig. 5) of the (p)MurC-F peptide lig-
ase family shows that the murein biosynthetic subtrees MurC,
MurD, MurE and MurF contain only bacterial members, while
the archaeal pMurC, pMurD1, pMurD2, MurE and MurF (CfbE)
subtrees contain only archaeal members. The relative antiquity
of different members of the (p)MurC-F family cannot be read-
ily addressed with phylogeny because the short basal branches

connecting the subtrees in Fig. 5 preclude unambiguous assign-
ment of a root. This suggests that these gene families arose
quite early in evolution. The lack of interleaving among bacte-
rial/archaeal sequences within each of the nine families indi-
cates that in this case, obvious lateral gene transfer across
domains has not occurred for the peptide-ligase encoding genes
sampled. Thus, the phylogeny indicates the establishment of
four (five in the case of archaea) defined deeply diverging peptide
ligase families that today are involved in (pseudo)murein syn-
thesis. One interpretation of that finding is that LUCA possessed
these activities and was able to generate amino acid polymers
consisting mainly of glutamate, alanine, glycine and aspartate
with a structural rather than catalytic function. This would best
be viewed as an early cell wall synthetic capability in LUCA. Both
the presence of peptide ligase function in LUCA, or alternatively
an early gain of peptide ligase function in archaea, would have
been followed by selective losses of this activity in archaeal lin-
eages with other cell wall types.

The amino acids that occur in cell walls are connected to pri-
mordial metabolism in two ways. First, the main amino acids
of the (pseudo)murein wall are Glu, Ala, Gly and Lys, in addi-
tion to Asp in some methanogens and meso-DAP in bacteria.
Because Lys and meso-DAP are both derived from Asp, the amino
acid content of murein and pseudomurein derives from Glu,
Ala, Gly and Asp. These four amino acids are a recurrent theme
in early evolution. They are consistently identified as the most
ancient amino acids by different approaches to the origin of the
genetic code (Trifonov 2004; Copley, Smith and Morowitz 2005;
Wong 2005); they were recently shown to form without enzymes
from the corresponding ketoacids using only Fe2+ as the cat-
alyst and hydroxylamine as the amino donor (Muchowska,
Varma and Moran 2019); they are the first acids that should
arise in prebiotic metabolism if metabolism started out via the
acetyl-CoA pathway (Preiner et al. 2020) generating the reduc-
tive amination products of acetate, pyruvate, oxaloacetate and
α-ketoglutarate (Muchowska, Varma and Moran 2019) and they
are central biosynthetic precursors of nucleic acid bases (Martin
and Russell 2007). The accumulation in the cell wall of ancient
amino acids that are very central to metabolism is consistent
with an ancient nature of non-ribosomal peptide bond forma-
tion. A second noteworthy aspect concerns the presence of D-
amino acids in peptidoglycan cell walls. At the very origin of
metabolism, before there were free-living cells with genetically
encoded pathways, the compounds from which the first path-
ways emerged must have been supplied by abiotic (geochemi-
cal) sources. Ribosomal peptide synthesis cannot accommodate
D-amino acids, non-ribosomal peptide synthesis can. It is possi-
ble that D-amino acids in cell walls reflect a chemical relict from
the habitat in which life arose, one that was abiotically supplied
with D- and L-amino acids before cells learned to synthesize 20
(or 22) amino acids from H2, CO2 and N2.

Independent evidence from methanogen biology under-
scores the early emergence of peptide ligases. For example,
pMurF is identical (synonymous) with the F430 biosynthetic
enzyme CfbE and is usually found in a gene cluster separate
from those for pMurC-pMurE (Zheng et al. 2016). This is sig-
nificant because CfbE/pMurF is essential for F430 biosynthesis,
whereby it activates a carboxyl group by generating an acyl
phosphate using ATP (Zheng et al. 2016; Moore et al. 2017). F430

is essential for methanogenesis because it is required as cofac-
tor by methyl-CoM reductase, the methane generating enzyme.
Methanogenesis was clearly ancestral to the methanogens and
was very likely an early metabolism in archaea (Decker, Junger-
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mann and Thauer 1970; Ueno et al. 2006; Martin and Russell
2007; Wong et al. 2007, 2016; Martin et al. 2008; Di Giulio 2009;
Kelly, Wickstead and Gull 2011; Petitjean et al. 2015; Weiss et al.
2018; Berghuis et al. 2019; Borrel et al. 2019; Evans et al. 2019),
placing pMurF (CfbE) in the archaeal common ancestor, consis-
tent with the deep family diversification depicted in Fig. 5. In
addition, the shared similarity of Mur/pMur peptide ligases with
FPGS (Sun et al. 1998; Smith 2006), which adds glutamyl residues
via non-ribosomal peptide bond formation in folate biosynthe-
sis, connects murein synthesis with bacterial folate which is the
backbone of acetogenesis. Acetogenesis is chemically related to
methanogenesis and is a likely candidate for carbon and energy
metabolism of the first bacteria (Martin 2020). Polyglutamate
residues are also found in essential methanogen cofactors F420

and methanofuran (Li et al. 2003; Allen and White 2014).
An alternative to the above scenario for how the pseu-

domurein biosynthesis pathway developed is that a propor-
tion of the genes for pseudomurein synthesis were acquired
through early lateral gene transfer from bacteria that already
possessed most if not all of the core murein cell wall biosyn-
thesis machinery (including peptide ligases), near the sepa-
ration of the bacterial and archaeal domains. The enzymes
and their encoding genes that appear to show clear simi-
larity to their bacterial counterparts (such as pMurC) could
have been transferred singly, or perhaps more likely, as
smaller clusters. Evidence for large lateral gene transfer
events betwen bacteria and major phyla of archaea have
been described (Groussin et al. 2015; Nelson-Sathi et al.
2015). Pseudomurein-containing methanogens would have then
filled in the gaps in their biosynthetic pathway due to the
lack of MurA and MurB (potentially utilizing de novo gener-
ated genes), extensively retooled their peptide ligases, devel-
oped an alternative extracellular cross-linking mechanism
(via transglutaminases) and developed an alternative recycling
system.

We have presented here an analysis of the genomic
distribution and gene clustering of cell wall biosynthesis
enzymes that are shared between the pseudomurein-containing
methanogenic orders Methanobacteriales and Methanopyrales,
and bacteria. We have also presented phylogenetic analy-
sis and the first crystal structure for a pseudomurein pep-
tide ligase. Analysis of the shared and differentiating features
between the murein and pseudomurein biosynthesis pathways,
including the clustering of key biosynthetic genes and the
Mfer336 crystal structure allow us to conclude that pseudo-
murein biosynthesis and murein biosynthesis share a deep evo-
lutionary history, shedding light on the early evolution of cell
walls.
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Illergård K, Ardell DH, Elofsson A. Structure is three to ten
times more conserved than sequence - A study of struc-
tural response in protein cores. Proteins Struct Funct Bioinf
2009;77:499–508.

Ishiyama N, Creuzenet C, Lam JS et al. Crystal structure of WbpP,
a genuine UDP-N-acetylglucosamine 4-epimerase from Pseu-
domonas aeruginosa: substrate specificity in UDP-hexose 4-
epimerases. J Biol Chem 2004;279:22635–42.

Jagtap PKA, Soni V, Vithani N et al. Substrate-bound crystal
structures reveal features unique to Mycobacterium tuber-
culosis N-Acetyl-glucosamine 1-phosphate uridyltransferase
and a catalytic mechanism for acetyl transfer. J Biol Chem
2012;287:39524–37.

Kandler O, König H. Cell envelopes of archaea: structure and
chemistry. In: Kates M, Kushner DJ, Matheson AT . (eds). The
Biochemistry of Archaea (Archaebacteria). Amsterdam: Elsevier,
1993, 223–59.

Kandler O, König H. Cell wall polymers in Archea (Archaebacte-
ria). Cell Mol Life Sci 1998;54:305–8.

Kandler O. Cell wall biochemistry and three-domain concept of
life. Syst Appl Microbiol 1993;16:501–9.

Kanehisa M, Furumichi M, Tanabe M et al. KEGG: new perspec-
tives on genomes, pathways, diseases and drugs. Nucleic
Acids Res 2017;45:D353–61.

Kelly S, Wickstead B, Gull K. Archaeal phylogenomics provides
evidence in support of a methanogenic origin of the Archaea
and a thaumarchaeal origin for the eukaryotes. Proc R Soc B
Biol Sci 2011;278:1009–18.

Klingl A, Pickl C, Flechsler J. Archaeal cell walls. In: Kuhn A. (ed),
Bacterial Cell Walls and Membranes. Cham: Springer Interna-
tional Publishing, 2019, 471–93.
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