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Abstract. Soluble peptidoglycan fragments produced by the gut
bacteria are key effectors in microbiota-host crosstalk. Here, we
biochemically characterized BbMep, an NIpC/p60 domain-containing
peptidoglycan p,L-endopeptidase from Bifidobacterium bifidum,
which efficiently digests Lys- or Orn-type sacculi. Digestion of human
stool-derived muropeptides by BbMep enhances NOD2 activation.

Introduction

The gut microbiota secretes a wide range of small molecules
and metabolites, such as short-chain fatty acids, bile acid
metabolites, and indole derivatives that profoundly impact host
physiology.13 Notably, gut bacteria-derived peptidoglycan
fragments (PGNs), abundant in the gut lumen and ubiquitously
present in the systemic circulation, are increasingly recognized
for their diverse roles in regulating host functions, including
altering the host brain activity for proper appetite and body
temperature control in female mice,# promoting postnatal
growth in undernourished infant mice,> potentiating checkpoint
inhibitor cancer immunotherapy,® and regulating gut
homeostasis and exerting anti-colitis effects in female mice.”
Considering the promise of gut bacteria-derived PGNs as a novel
immunotherapeutic,® gaining a deeper understanding of the
PGN generation process by the gut microbiota is crucial.

Peptidoglycan is the primary structural component of the
cell wall that is conserved across all bacterial species. In general,
peptidoglycan is composed of long glycan chains of alternating
residues of N-acetylglucosamine (GIcNAc) and N-acetylmuramic
acid (MurNAc) connected via f-1,4-glycosidic bond, with a stem
peptide appended to the lactoyl moiety of MurNAc. The stem
peptides on adjacent glycan strands can be cross-linked,
strengthening the peptidoglycan mesh to withstand the internal
turgor pressure in bacteria.®10 Given the essential role of
peptidoglycan for bacterial survival, each bacteria encodes a a
suite of enzymes involved in the biosynthesis, assembly,
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remodelling, and disassembly of the peptidoglycan polymer.11-
15 To accommodate the insertion of new peptidoglycan strands,
the existing bacterial peptidoglycan polymer is continuously
degraded enzymatically at specific glycosidic or peptide bonds
during bacterial growth. This process produces soluble PGNs
that are either recycled by the bacterial® or released into the
surrounding environment. Many of the PGNs released by
bacteria are known to function as key signalling molecules in
both intra- and inter-kingdom communication in nature.1.17-19

The peptidoglycan bp,L-endopeptidase is a peptidoglycan
remodelling enzyme that features the NIpC/p60 domain
(InterPro20 accession: IPR0O00064).21.22 While some NIpC/p60
enzymes are known to cleave other bonds in peptidoglycan,21.22
a large number of these enzymes specifically cleave the peptide
bond between the second and third residue of the stem peptide
in  peptidoglycan, generating a dipeptide-containing
muropeptide (i.e. GMDP) and a terminal peptide (i.e. TerP) as
products (Fig. 1A). Earlier studies have identified and
characterized peptidoglycan D,L-endopeptidases in
Lactobacilliz3-25, and Mycobacterium?5-28, establishing their
importance in bacterial cell morphology and division. Recently,
gut bacteria-encoded b,L.-endopeptidases have garnered
attention due to their biological significance in gut microbiota-
host crosstalk.2! In particular, the GMDP moiety produced by
D,L-endopeptidases acts as a potent agonist of the mammalian
NOD2 innate immune sensor,2%-31 triggering downstream NF-kB
signalling and influencing the proper crosstalk between the gut
microbiota and the host. Hang and coworkers have extensively
characterized the Enterococcus b,L-endopeptidase SagA,
showcasing its capability to enhance host immunity and confer
tolerance to pathogens.®32-3> Moreover, Gao et al. reported
p,.-endopeptidases and Lactobacillus-
secreted bifunctional hydrolases (LPH), possessing the b,L-
endopeptidase activity exert anti-colitis effects in mice via the
generation of NOD2 ligands.”3¢ Given the widespread
prevalence of p,L.-endopeptidases in the gut microbiome,3% we
set out to explore other uncharacterized gut bacteria-encoded
D,L.-endopeptidases, which may provide a novel outlook for
modulating gut microbiota-derived bioactive PGNs.

Firmicutes-derived

In our previous work, we utilized our PGN_MS2 workflow for
automated profiling of bacterial peptidoglycan composition in a
panel of gut bacteria.3? Interestingly, we observed that
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Bifidobacterium adolescentis and Bifidobacterium bifidum
manifest elevated levels of p,.-endopeptidase products (GMDP)
in their sacculi (Fig. 1B), implying both Bifidobacterium species
encode highly active peptidoglycan p,L.-endopeptidases.3” In this

study, we identified the peptidoglycan b,L-endgpeptidase,
BbMep, in B. bifidum, and biochemidally 1P ESPsttLitedsits
activity. In addition, we show that it is capable of effectively
generating bioactive NOD2 ligands.

A Bacterial sacculi B )
1e7 B. adolescentis
OH OH Og OH 2
o L} fo) (¢ o o
HO o HO o A
AcHN _ O aThN AcHN AcHN U, /k ;
’S:o 2 OH OH —3:0 0 -
HN g %0 0 HN 1e8 B. bifidum
o :8< AcHN _ P achn | o 14
NH —S:o NH
o»_/—( . CONH /\
CONH 2
| 2 HN 2 o H < 05 T T T T
NH 7.0 7.5 8.0 85 9.0
o NH n B MCONHZ NH H‘Br'd . Retention time (min)
=] (|
"QF ridge P 9 —— (NAGHNAM)}-Ae —— (NAG)(NAM)-Aq
(o] (o]
HN (o] H C
o ' NH N-Bridge B. adolescentis murein endopeptidase (BaMep)
OH o A1AOD3
monomer HN crosslinked SP — Disordered— IRP000064
NIpC/p60
(o] 1 29 61 130 135 249
Key: OH
Dipeptide (GMDP) B. bifidum murein endopeptidase (BbMep)

Terminal peptide (TerP)
> D,L-endopeptidase
cleavage site Muramidase

O

BaMep —1 l_ BbMep

No. of Bifidobacterium spp
homologs
)
o

LC-MS/MS analysis AOA286TCI1
. IRP000064
SP —Disordered— NIpC/p60
1 39 76 148 156 268

Distribution of Bifidobacterium spp. D,L-endopeptidases (n = 364)

BaMep 11— BbMep

T T T
0 5 10 15 20
% seq similarity to EfmSagA

T T T T T T
0 200 400 600 800 1000 1200
length of protein

Figure 1. (A) Peptidoglycan D,L.-endopeptidases cleave bacterial sacculi or larger muropeptides into dipeptide (GMDPs) and terminal peptide products (TerPs).
GMDPs are liberated only if the sacculus is further treated with a muramidase (e.g. lysozyme, mutanolysin). (B) GMDPs have been previously found to be
prominent in the peptidoglycan composition of B. adolescentis and B. bifidum through LC-MS/MS analysis. The two GMDP products shown are (NAG)(NAM)-
Ae (C27HasN4O17, [M+H]*= 697.277) and (NAG)(NAM)-Aq (C27HasNsO1e, [M+H]* = 696.293). (C) Both Bifidobacterium species encode a D,L.-endopeptidase that
contains the NIpC/p60, which are referred to as BaMep and BbMep. The specific domains in BaMep and BbMep are determined by SignalP, MobiDB, and
InterPro, respectively. SP: signal peptide. (D) Histograms showing the distributions of 364 putative NIpC/p60 endopeptidases in Bifidobacterium spp. in terms

of sequence similarity (to EfmSagA) (left) and protein lengths (right).

Results and Discussion

Identification of Bifidobacterium NlpC/p60 p,L-endopeptidase
by sequence homology

To identify the putative Bifidobacterium
D,L.-endopeptidases, we searched the proteomes of B.
adolescentis ATCC 15703 and B. bifidum ATCC 15696 for
proteins containing the known endopeptidase catalytic
domains (i.e., NIpC/p60 or Peptidase M14) using UniProt.38
While no homologues of E. coli MpaA3® containing the
peptidase M14 domain (IPRO00834) were identified in
Bifidobacterium, we found that both Bifidobacterium species
possess proteins with NIpC/p60 catalytic domains, A1AOD3
and AOA286TC91, which we will refer to as BaMep and
BbMep, where Mep represents murein endopeptidase. Both

2 | J. Name., 2012, 00, 1-3

proteins encode a predicted N—terminus signal peptide, a
disordered region, and a single NIpC/p60 domain (Fig. 1C).
Expanding our search to the Bifidobacterium genus, we
found 364 NIpC/p60 endopeptidase proteins, which were
classified into three distinct clusters based on sequence
similarity ~ (Fig. S1). Interestingly, Bifidobacterium
endopeptidases displayed weak similarity to EfmSagA, with
identities below 20%, and the majority have protein lengths
ranging from 150 to 250 amino acids (Fig. 1D). Most of them
lack the predicted coiled-coil domain present in
EfmSagA.3334

Evaluation of Bifidobacterium endopeptidase activity with
bacterial sacculi

We cloned, overexpressed, and purified the full-length
constructs of BaMep (30-249 aa) and BbMep (40-268 aa)

This journal is © The Royal Society of Chemistry 20xx
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that lack the signal peptide, as well as the truncated versions
Ba_SD (135-249 aa) and Bb_SD (156-268 aa) that contain the
NIpC/p60 domain solely. The yields of the four recombinant
Bifidobacterium endopeptidases were ~ 10 mg/L of E. coli
culture, while the solubility and folding of each were
evaluated by size-exclusion chromatography (SEC) (Fig. S2 &
S3). As a positive control, EfmSagA was purified following the
protocol from Hang and coworkers.33

To evaluate peptidoglycan endopeptidase activity, we
treated recombinant BaMep and BbMep with native sacculi
isolated from B. adolescentis and B. bifidum, respectively, for
overnight incubation at 37 °C, followed by heat inactivation;
lysozyme was then added to the crude reaction mixture to
liberate soluble PGNs for LC-MS analysis (Fig. 2A). In LC-MS
analysis, we compared the total peak areas of GMDP and
TerP products as a measure of b,L.-endopeptidase activity. To
control for the amount of sacculi suspension used, we
utilized the naturally occurring moiety (NAG)(NAM)-A as an
internal standard since its concentration is unaffected by
D,L-endopeptidase activity. Although we did observe a slight
reduction in crosslinked and monomeric tetrapeptide
products with BaMep (Table S1), we did not observe
increased amounts of GMDP/TerP products (Fig. 2B),
suggesting a lack of endopeptidase activity. However, we
could not rule out the possibility of other enzymatic activity.
On the other hand, we found that BbMep exhibited robust
p,L-endopeptidase activity, producing elevated amounts of
GMDP and TerP from isolated sacculi (Fig. 2B, Fig. S4 and
Table S2).

To rule out that native Bifidobacterium peptidoglycan
serves a poor substrate due to intrinsic p,.-endopeptidase
modification, we next investigated the activities of BbMep
and BaMep using a panel of bacterial sacculi isolated from E.
faecalis, E. faecium, S. aureus, and E. coli as substrates.
Unfortunately, BaMep did not produce GMDP/TerP products
in vitro (Fig. 2C and Tables S3-6), indicating its lack of
D,L.-endopeptidase activity under the current experimental
conditions. We hypothesized that additional protein
partners or proteolysis may be required for BaMep
activation, which was not explored in this study.

On the other hand, BbMep exhibits selective activity on
Lys-type sacculi (E. faecalis, E. faecium, S. aureus) but did not
cleave mDAP-type sacculi (E. coli), similar to EfmSagA (Fig.
2C, Fig. S5-7, Tables S3-6). Notably, the endopeptidase
activity of BbMep on E. faecium sacculi was comparable to
that of EfmSagA, whereas its activity on S. aureus and E.

This journal is © The Royal Society of Chemistry 20xx
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faecalis sacculi was significantly lower than gp, its.pative
sacculi and E. faecium sacculi. In addtidnOWeShowee eRalt
the domain-only construct Bb_SD retains similar activity to
the full-length BbMep (Fig. 2C), confirming that the
NIpC/p60 domain was responsible for its enzymatic activity.
Based on the in vitro observations, we proposed that the
amino acid composition of the peptide bridge in the bacterial
sacculi substrate might be critical for the robust activity of
BbMep. In particular, peptide bridges containing polar
amino acid residues, such as Ser-Asp or Asp/Asn (as found in
the peptidoglycan of E. faecium and B. bifidum),3” are
preferred over those composed solely of non-polar residues
like Glys and Ala; (as in S. aureus and E. faecalis). As we
previously reported, B. bifidum natively contains Orn
primarily (with Lys as a minor component) as the third amino
acid in the stem peptide.3? Here, our results indicate that
substituting Orn with Lys does not interfere with BbMep
activity, whereas mDAP-containing peptidoglycan was not a
suitable substrate. Together, these findings suggest that
BbMep can cleave sacculi from Gram-positive bacterial
species, supporting its potential role as a secreted protein
with implications for modulating gut-derived bacteria PGNs.

Previous studies have reported that NlIpC/p60-containing
peptidoglycan  p,L.-endopeptidases  exhibit  substrate
preference on cross-linked peptidoglycan.242534 Hence, we
closely examined the identities of the TerP products released
by BbMep from sacculiisolated from Gram-positive bacteria.
Interestingly, both terminal peptide monomers and larger,
crosslinked terminal peptides were identified (Fig. S4-7),
potentially originating from non-crosslinked and crosslinked
peptidoglycan substrates (Fig. 1A). Specifically, we identified
4,9, 14 and 9 different types of TerPs from BbMep-digested
sacculi from B. bifidum, E. faecium, E. faecalis, and S. aureus,
respectively (Fig. S4-7). To directly explore whether BbMep
uses monomeric non-crosslinked muropeptides as
substrates, we tested its activity with a panel of six synthetic
or isolated muropeptide standards, each bearing a stem
peptide of three to five amino acids in length (Fig. S8A).
Unfortunately, no cleavage product was observed with
mono-saccharide Lys-type muropeptides (tetrapeptide 1 &
pentapeptide 3), di-saccharide Lys-type tripeptide 2, or di-
saccharide mDAP-type tetrapeptides (4 & 5). Additionally,
BbMep did not cleavage the di-saccharide pentapeptide with
a pentaglycine bridge (6), which we had isolated from the
large-scale digestion of S. aureus sacculi.?® Our results
suggest that BbMep cannot utilize non-crosslinked
monomeric muropeptides as substrates (Fig. S8B).

J. Name., 2013, 00, 1-3 | 3
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Figure 2 (A) Schematic showing biochemical assay of endopeptidases. (B-C) LC-MS/MS analysis of quantification of GMDP and TerP products released by
endopeptidase digestion of various bacterial sacculi. Bb_SD contains the NIpC/p60 domain only (residues 156-268). The muropeptide (NAG)(NAM)-A was
used as an internal standard for peak area normalization. Error bars represent the standard deviations of the mean of three independent replicates. P-values
were calculated with a two-tailed student’s t-test (a = 0.05, n = 3), comparing each enzyme with the negative control (Nil). p-values were adjusted for multiple
comparisons with the Bonferroni method. * p < 0.05; **p <0.01; ***p < 0.001; ****p < 0.0001; ns: not significant.

Sequence alignment reveals key residues in BbMep for
activity

Intrigued by the disparity in activity between BbMep and
BaMep, we sought to explore their underlying molecular
differences by aligning their protein sequences with those of
other NIpC/p60 domain b,l-endopeptidases of known
activity (Fig. 3A). Strikingly, the phylogenetic tree analysis

4 | J. Name., 2012, 00, 1-3

revealed that both BbMep and BaMep were only distantly
related to other NIpC/p60 proteins, which share a closer
resemblance to those previously characterized EfmSagA (Fig.
3B). Nevertheless, both BaMep and BbMep still contain the
catalytic Cys and His dyad (BaMep: C166 & H212; BbMep:
C186 & H233) that is well-conserved across all members of
the NIpC/p60 family (Fig. 3A).35 Moreover, Kim et. al
previously identified two Trp residues in EfmSagA, W429 and

This journal is © The Royal Society of Chemistry 20xx
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W458, as substrate-binding residues essential for its
endopeptidase activity (indicated by triangles, Fig. 3A)34,
herein referred to as Trpl and Trp2 respectively. Our
sequence alignment indicates that while Trpl is highly
conserved b,L-endopeptidases from several bacteria species,
including Enterococcus, Lactobacillus, and Mycobacterium,
Trp2 is strictly conserved only in Enterococcus, suggesting

emiaal|Biolog)
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Trpl is likely more critical for enzymatic functjep,whishiis
partially conserved in BbMep asDPPyr0 1A%/ RHEMADGE
hydrophobic, aromatic amino acid (Y176). Indeed, among
the 364 putative Bifidobacterium NlpC/p60 endopeptidases,
Trpl is partially or strictly conserved to a larger extent
compared to Trp2 (87% vs. 40%) (Fig. 3C). Moreover, we also
examined the conservation of BbMep residues across
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Figure 3. (A & B) Multiple sequence alignment and phylogenetic tree of BaMep, BbMep with other peptidoglycan D,L.-endopeptidases with known activity.
Numbers on the phylogenetic tree indicate computed BLOSUM62 distance. Enteroccocus: Efm = E. faecium, Emu = E. mundtii, EdBOI 18 @f%égfg@g&lgﬁ
Lpc = L. paracasei, Lsa = L. salivarius; Bifidobacterium: Ba = B. adolescentis, Bb = B. bifidum; Mycobacterium: Mtb = M. tuberculosis. (C) Percentage of BbMep
residue conservation (full or partial) across 364 putative Bifidobacterium endopeptidases. The black arrows indicate residues aligned to W429 (Trp1) and W458

(Trp2) from EfmSagA. The catalytic residues C186 and H233 in BbMep are bolded in red. The predicted glycan- and peptide-binding residues in BbMep (from

the docking analysis in next section) are indicated in magenta and green, respectively. The grey area indicates the running average for five residues.

BbMep exhibits strong binding to bacterial sacculi

In our aforementioned in vitro cleavage assay, we
treated BbMep and EfmSagA with bacterial sacculi before
the addition of lysozyme, demonstrating that both enzymes
can utilize isolated sacculi as substrates. This observation
contrasts with previous reports that suggested EfmSagA only
acts on pre-digested sacculi (treated with lysozyme or
mutanolysin).33:34 Interestingly, we also found that BbMep
exhibits greater endopeptidase activity on E. faecium sacculi
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compared to the cognate EfmSagA (Figure 2C). We propose
that the difference in activity could arise from their distinct
binding affinities for the sacculi substrates. To study this, we
performed sedimentation assays of respective proteins with
E. faecium sacculi (Fig. 4A and Fig. S9A-B). Indeed, BbMep
and its domain-only construct BbSD exhibited strong binding
to sacculi, with all proteins bound to the insoluble sacculi
fraction and minimal recovery in the supernatant. In
contrast, EfmSagA showed weak sacculi binding, with most
protein remaining in the supernatant.

B AlphaFold2 model of BbMep_(158-268aa) docked with (NAG)(NAM)-AgqKAA
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Figure 4. (A) Sacculi binding assay revealed that BbMep and its NIpC/p60 domain only construct, BboMep_SD (10 uM) bind to E. faecium sacculi (20 mg/mL),
whereas EfmSagA (10 uM) does not. (B-C) Prediction of potential PGN-interacting residues in BbMep based on in silico molecular docking\/“léhe Algh%Fntalmqe

w Article

predicted BbMep structure was docked with (NAG)(NAM)-AqKAA using AutoDock Vina. The best docking poses from 3 runs x 10 poseswerie selected;tos furiher
analysis (see Fig. $10). We selected the docked poses with a binding affinity < -6 kcal/mol and a catalytic distance of < 7.5 A between C186 and the peptide
bond undergoing cleavage. The BbMep residues involved in glycan- (magenta) or peptide-binding (green) meet two criteria: 1) they form one or more hydrogen
bonds, and 2) they differ from Efm residues. (D) Construction of BbMep_Mutl, Mut2, and Mut3 to experimentally validate the proposed PGN-interacting
residues. (E-F) Both Mut1 and Mut2 exhibit slightly reduced binding to bacterial sacculi (E) and significantly reduced endopeptidase activity in LC-MS analysis
(E). The muropeptide (NAG)(NAM)-A was used as an internal standard for peak area normalization in LC-MS. Error bars represent the standard deviations of
the mean of three independent replicates. p-values were calculated with a two-tailed student’s t-test (a = 0.05, n = 3), comparing each group with the wild-
type BbMep. p-values were adjusted for multiple comparisons with the Bonferroni method. * p < 0.05; ****p < 0.0001; ns: not significant.

Determination of sacculi-binding residues in BbMep

To identify the residues in BbMep responsible for sacculi
binding, we performed in silico molecular docking of a mock
PGN ligand (GM-AgKAA) into the active site of the predicted
BbMep structure generated by AlphaFold2 (AF2) (Fig. 4B).*1
As it was known that removal of low-confidence (i.e. pLDDT
score < 70) residues in AF2 structures can yield greater
docking accuracy,*?2 we omitted residues with pLDDT scores
< 70 from the AF2 predicted structure, yielding AF2-BbMep
(158-268). We note that the omitted region corresponded to
the N-terminus that contains the predicted signal peptide
and an unstructured region (Fig. 1C). The remaining region
corresponds with the NIpC/p60 domain, with most residues
having pLDDT scores in the range 90-100, indicating a high
level of confidence in the accuracy of their positions.*!
Indeed, the predicted structure of BbMep contains the three
N-terminal a helixes and subsequent five-stranded beta
sheet common in NIpC/p60 peptidoglycan
endopeptidases.21.22

From the multiple docking poses (3 runs x 10 poses)
generated by AutoDock Vina,*3 we selected the most
promising poses based on two criteria: 1) the calculated
binding affinity (kcal/mol) and 2) the “catalytic distance”: the
distance between the catalytic residue (BbMep_C186) and
the specific peptide bond in the PGN ligand that undergoes
cleavage (Fig. S10A-B). We note that in the reported co-
crystal structure of YKFC, a Bacillus cereus NIpC/p60 b,L-
endopeptidase, with dipeptide L-Ala-y-p-Glu (PDB 3H4-1),
the catalytic distance from the Ca of the catalytic Cys (OCS-
238) to the carbonyl carbon of the peptide substrate was 7.3
A (Fig. S10A),% providing a useful reference for our docking
study. Therefore, we focused on the docked poses of AF2-
BbMep (158-268) with binding affinity < -6 kcal/mol and
catalytic distance < 7.5 A for further analysis with LigPlot+45
(Fig. S10C, and Table S7). 5 of the 30 poses fit these criteria.
Based on the rationale that the sacculi-binding residues in
BbMep likely differ from those in EfmSagA, which is not a
potent sacculi binder (Fig. 4A), we proposed that residues
Y259 and R230 may be involved in binding to the glycan
moiety of sacculi, whereas residues D205, Y176, and R248
may engage in binding to the peptide moiety (Fig. 4B & C and
Fig. S10D). Although S231 is dissimilar to the corresponding
residue in EfmSagA (T), we did not select it for further
analysis as a plurality of the other characterized
endopeptidases also contain Ser at this position (44%, Fig.
3A). Importantly, these residues form multiple H-bonds in

the docking models of BbMep (Fig. 4C and Fig. S10D).
Interestingly, peptide-binding residue Y176 corresponds to
Trpl. As mentioned earlier, this residue had been identified
by Kim et. al as an important substrate-binding residue,34
hence, validating our approach. Interesting, except for Y176,
which we had shown is well-conserved in Bifidobacterium, the
other four residues are less-conserved (Y259: 56%) or not
conserved (R230, D205, R248: < 10%) amongst Bifidobacterium
endopeptidases (Fig. 3C). This possibly indicates that
BbMep’s sacculi binding property might be unique amongst
Bifidobacterium endopeptidases.

Characterization of BbMep mutants that are deficient in
sacculi binding

To test our hypothesis about the predicted BbMep
residues involved in sacculi binding, we generated three
mutant variants: BbMep Mutl (glycan-binding deficient
mutant; Y259A, R230A mutations), Mut2 (peptide-binding
deficient; D205A, Y176A, R248A), and Mut3 (catalytic
residue-absent; C186A) (Fig. 4D). The mutant proteins were
expressed and purified (Fig. S3). In the in vitro binding assay,
we incubated the respective BbMep variants (10 uM) with
sacculi at varying concentrations ranging from 0 to 20 mg/mL
(Fig. 4E and Fig. S9D). Indeed, both Mutl and Mut2 exhibited
reduced binding to sacculi substrates, with a more
pronounced effect observed for Mutl, which is presumably
deficient in binding to the glycan moiety of sacculi. On the
other hand, Mut3 shows comparable sacculi binding to the
wild-type protein, consistent with the idea that the catalytic
residue C186 is not directly involved in substrate binding.

Next, we evaluated the enzymatic activity of BbMep
mutant variants with E. faecium sacculus. As expected,
BbMep Mut3, which lacks the catalytic residue, is completely
inactive (Fig. 4F and Table S8). In addition, both Mutl and
Mut2 also exhibited weaker endopeptidase activity, as
evidenced by the lower abundance of the cleavage products
GMDP and TerP (Fig. 4F). Notably, Mut2, which has reduced
binding to the stem peptide, exhibited lower activity in
comparison with Mutl (10% vs 50% activity of wild type
BbMep). We reasoned that this is likely due to the
involvement of the peptide bond within the stem peptide at
the endopeptidase cleavage site.

BbMep generates NOD2 ligands in the host gut microbiota
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Having established the biochemical activity of BbMep
with isolated Lys/Orn-type sacculi as substrates, we next
investigated whether BbMep could degrade gut microbiota-
derived peptidoglycan to yield bioactive PGNs, considering
that B. bifidum is a resident bacterium in the human gut.4¢
To do so, we extracted soluble muropeptides from 12 human
stool samples by treating them with lysozyme. The soluble
muropeptides were then subjected to endopeptidase
digestion with BbMep (10 uM) or EfmSagA (10 uM) or left
untreated. The NOD?2-activating effects were evaluated
using HEK-blue hNOD2 reporter assays (Fig. 5A). Compared
to the non-endopeptidase control, treatment with either
BbMep or EfmSagA resulted in a significant increase in NOD2
activity, indicating that BbMep generates bioactive NOD2
agonists (Fig. 5B). Importantly, BobMep shows robust activity
that is comparable to EfmSagA, and addition of either
enzyme results in a modest 10% increase in the amount of
NOD2 agonists compared to the negative control.
Considering the biological significance of NOD2 agonists
generated by EfmSagA in enhancing host immunity and
potentiating cancer immunotherapy®3447 and the protective
effects of Lactobacillus pb,.-endopeptidase-generated PGNs
against colitis and inflammation-associated colorectal
cancer,”-36 our findings that BbMep exhibits similar cleavage
activity to gut bacteria-derived PGNs underscore its
untapped therapeutic potential to benefit host health.

A B i
Stool samples 20 2 NS
(n=12) =
NS
o8
Gut bacteria % >
" S o 1.54
muropeptides ag o
o
I o — = —
Endopeptidase @ M
digest o
1.0+ o
NOD2 T T T
activation Lyso Lyso  Lyso

+ +
BbMep EfmSagA

Figure 5. BbMep, similar to EfmSagA, generates active NOD2 ligands in
human stool samples. (A) Protocol of workflow: soluble muropeptides
were first extracted from human stool by lysozyme and then treated with
BbMep or EfmSagA, followed by analysis using HEK-Blue NOD2 reporter
assay. (B) A significant increase in NOD2 induction was observed in both
BbMep- and Efm-treated samples compared to non-endopeptidase
control. p-values were calculated with a paired t-test (o = 0.05, n = 12). **
p <0.01; ****p < 0.0001; ns: not significant.

Conclusions

In summary, we characterized BbMep, the putative secreted
p,L.-endopeptidase from B. bifidum, which acts on the sacculi
of Gram-positive bacteria. We identified key residues of
BbMep that are essential for both sacculi binding and

8 | J. Name., 2012, 00, 1-3
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enzymatic activity. Lastly, BbMep digestion of stool:derived
muropeptides enhances NOD2 activatibR IRighligh®iHEsits
potential to modulate bioactive PGNs for host health.
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