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Most bacteria are surrounded by a cell wall that contains peptidoglycan (PG), a large pol-
ymer composed of glycan strands held together by short peptide cross-links. There are two
major types of cross-links, termed 4-3 and 3-3 based on the amino acids involved. 4-3
cross-links are created by penicillin-binding proteins, while 3-3 cross-links are created by
L,D-transpeptidases (LDTs). In most bacteria, the predominant mode of cross-linking is 4-3,
and these cross-links are essential for viability, while 3-3 cross-links comprise only a minor
fraction and are not essential. However, in the opportunistic intestinal pathogen Clostridioides
difficile, about 70% of the cross-links are 3-3. We show here that 3-3 cross-links and LDTs
are essential for viability in C. difficile. We also show that C. difficile has five LDTs, three with
a YkuD catalytic domain as in all previously known LDTs and two with a VanW catalytic
domain, whose function was until now unknown. The five LDTs exhibit extensive functional
redundancy. VanW domain proteins are found in many gram-positive bacteria but scarce in
other lineages. We tested seven non—C. difficile VanW domain proteins and confirmed LDT
activity in three cases. In summary, our findings uncover a previously unrecognized family of
PG cross-linking enzymes, assign a catalytic function to VanW domains, and demonstrate
that 3-3 cross-linking is essential for viability in C. difficile, the first time this has been shown
in any bacterial species. The essentiality of LD Ts in C. difficile makes them potential targets
for antibiotics that kill C. difficile selectively.

peptidoglycan | C. difficile | transpeptidase

Clostridioides difficile is a gram-positive, spore-forming opportunistic pathogen that has become
the leading cause of antibiotic-associated diarrhea in high-income countries. The CDC esti-
mates that C. difficile infections kill over 12,000 people per year in the United States (1).
C. difficile infections are often triggered by broad-spectrum antibiotics administered either
prophylactically or to treat some other infection. These antibiotics have the unintended conse-
quence of disrupting the intestinal microbiota that ordinarily keeps C. difficile in check (2, 3).
'The frontline treatment for C. difficile infections is vancomycin, which is usually effective but also
kills desirable bacteria, so relapse rates exceed 20%, and for this cohort, the prognosis is poor
(4-6). An antibiotic that kills C. difficile more selectively would presumably improve outcomes,
but developing such a drug requires identifying targets uniquely important to C. difficile.

Many of our most useful antibiotics target biogenesis of the bacterial cell wall, which
provides essential protection against lysis due to turgor pressure. The cell wall is composed
of peptidoglycan (PG), a complex meshwork of glycan strands of alternating
N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) that are stitched together
by short peptide cross-links (7, 8) (Fig. 14). The predominant modes of cross-linking,
termed 4-3 and 3-3, are named based on the position of the amino acids involved; 4-3
cross-links join a D-Alanine (D-Ala) in position four of one peptide to a meso-diaminopimelic
acid (mDAP) in position three of another, while 3-3 cross-links join two mDAP residues
(Fig. 1A4). In Escherichia coli, about 90% of the cross-links are 4-3, and these are essential for
viability, whereas only ~10% of the cross-links are 3-3 and these are not essential (9, 10).
So far as is known, 3-3 cross-links are much less abundant than 4-3 cross-links in most other
bacteria as well, although there are exceptions (11-18).

The two modes of cross-linking rely on completely different enzymes. All 4-3 cross-links
are synthesized by D,D-transpeptidases, more commonly referred to as penicillin-binding
proteins (PBPs) (19). PBPs catalyze a two-step transpeptidation reaction that starts with
the nucleophilic attack of a catalytic serine on the amide bond linking D-Ala* to D-Ala’
in a pentapeptide “donor” substrate. This reaction results in formation of a covalent
acyl-enzyme intermediate and concomitant release of the terminal D-Ala. In the second step,
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Clostridioides difficile is an
opportunistic pathogen that can
cause significant intestinal health
issues when gut microflora
populations are disrupted. As the
C. difficile peptidoglycan (PG)

cell wall has an unusually high
abundance of 3-3 cross-links,

the enzymes synthesizing these
structures, L,D-transpeptidases
(LDTs), are potential drug targets.
While three LDTs were previously
known, deleting these genes
caused minimal disruption to the
PG structure. Here, we report the
identification of a family of LDTs
that are distinct from previously
known LDTs. We show that
depleting C. difficile LDTs leads

to loss of 3-3 cross-links and cell
death. Our findings establish

a new class of bacterial PG
cross-linking enzymes and
suggest that LDTs might be
exploited as selective antibiotic
targets for C. difficile.

Author contributions: K.W.B., U.M., D.L.P., D.S.W., and
C.D.E. designed research; K.W.B., U.M., R.F.H., D.L.P., and
C.D.E. performed research; KW.B., U.M., K.L.O., AJ.A,
M.M.P., and C.D.E. contributed new reagents/analytic
tools; KW.B., U.M., M.M.P,, RF.H., D.L.P., D.SW., and
C.D.E. analyzed data; and K.W.B., U.M., M.M.P., R.F.H,,
D.L.P., D.S.W., and C.D.E. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS. This
article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

"Present address: Research & Development, Haleon,
Richmond, VA 23220.

2To whom correspondence may be addressed. Email:
david-weiss@uiowa.edu or craig-ellermeier@uiowa.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2408540121/-/DCSupplemental.

Published August 16, 2024.

10of 11


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:david-weiss@uiowa.edu
mailto:craig-ellermeier@uiowa.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2408540121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2408540121/-/DCSupplemental
https://orcid.org/0000-0002-7694-2200
https://orcid.org/0009-0007-7114-019X
https://orcid.org/0009-0008-0578-8964
https://orcid.org/0000-0002-5676-0725
https://orcid.org/0000-0001-5317-0925
https://orcid.org/0000-0002-2614-143X
mailto:
https://orcid.org/0000-0003-2217-0070
mailto:
https://orcid.org/0000-0002-8953-5081
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2408540121&domain=pdf&date_stamp=2024-8-16

Downloaded from https://www.pnas.org by VIRGINIA TECH; SERIALS RECEIVING on June 25, 2025 from IP address 45.3.79.59.

2 of 11

S-layer S 060, B

: : s

Peptidoglycan 43 & & @e 3.3 s

: ¢ 8

Cell X e XmX6) o

membrane 8

T

ns
— 100
B \ D 6 E 5 ns

§ £ 80+ oB

v T £ 3
g =* 3 %] o
Q o041 < £ SH

@ 2 = 404 D

- WT 92 4 2

= Aldt1-3 S 20+ o

0‘015 A é é o od E

Time [h] WT Aldt1-3 WT  Aldt1-3

Fig. 1. AC difficile mutant lacking all three YkuD-type Ldts (A/dt7-3) exhibits wild-type growth, morphology, and 3-3 cross-linking. (A) Diagram of the cell envelope
of C. difficile. The PG matrix contains a repeating disaccharide of NAG (G) and NAM (M). The glycans are cross-linked by short peptides (filled circles) attached
to the NAM residues. About 25% of the cross-links are 4-3 cross-links created by PBPs, and 75% are 3-3 cross-links created by LDTs. Polysaccharides (green)
analogous to teichoic acids are attached to PG or to a lipid in the cell membrane. (B) Growth curve in TY. Filled symbols and error bars indicate the mean + SD
from four biological replicates. (C) Phase-contrast and fluorescence micrographs of cells sampled at ODgy, = 0.5 and stained with the membrane dye FM4-64.
Size bars, 10 pm. Images representative of 3 experiments. (D) Average cell length based on four biological replicates in which >160 cells were measured per
sample. Dots depict the mean value from each sample; bars and error bars the mean + SD across all four trials. ns, not significant in an unpaired two-tailed
t test. (E) Percentage of 3-3 PG cross-links as a fraction of the total cross-linked dimers graphed as mean + SD from three biological replicates. ns, not significant

in an unpaired one-tailed t test. Strains used: WT = R20291, Aldt1-3 = KB124.

the e-amino of an mDAP residue in position 3 of an “acceptor”
peptide is the attacking nucleophile, leading to formation of a 4-3
peptide cross-link and release of the PBP for further rounds of
catalysis. As the name suggests, PBPs are the lethal targets of
penicillin and other p-lactam antibiotics, which form a covalent
adduct with the active site serine. The enzymes responsible for
3-3 cross-linking are L,D-transpeptidases (LD Ts). LDTs are not
homologous to PBPs but nevertheless catalyze a similar two-step
transpeptidation reaction. Unlike PBPs, LDTs are not known
to be essential for viability. Other noteworthy differences include
that LDTs are only sensitive to a subset of p-lactams, use a
catalytic cysteine rather than a catalytic serine, and require a
tetrapeptide rather than a pentapeptide as acyl donor for trans-
peptidation (12, 19-21).

Peltier et al. reported in 2011 that ~70% of the cross-links in
C. difficile were 3-3, raising the intriguing possibility that 3-3
cross-linking might be essential for viability of this pathogen (22).
All known LDTs contain a YkuD catalytic domain. C. difficile
encodes three YkuD-domain LDTs, which have been characterized
to various degrees both in vivo and in vitro (22-25). Surprisingly,
it was recently reported that a C. difficile mutant lacking all three
LDTs is viable and synthesizes PG with normal levels of 3-3
cross-linking (25). This finding leaves open two major questions:
What enzyme(s) catalyze 3-3 cross-linking in the absence of the
known YkuD-family LD Ts? Does C. difficile require 3-3 cross-linked
PG for viability?

Here, we show that the “missing” LDTs are two previously
uncharacterized VanW domain proteins and that 3-3 cross-links
are indeed essential for viability in C. difficile. The function of
VanW domains was until now unknown, but they are presumed
to be involved in vancomycin resistance because they are found
in some atypical Enterococcus vancomycin resistance gene clusters
(26, 27). VanW domains are structurally and evolutionarily unre-
lated to YkuD domains. Nevertheless, in a remarkable example of
convergent evolution, the presence of a conserved and essential
cysteine suggests transpeptidation by VanW domains involves a
thioacyl enzyme—substrate intermediate, as previously shown for
YkuD domains. Our findings can explain how VanW domain

https://doi.org/10.1073/pnas.2408540121

proteins contribute to vancomycin resistance and suggest that
LDTs are promising targets for narrow-spectrum antibiotics

against C. difficile.

Results

Loss of the Known Ldts Has No Effect on the Level of 3-3 Cross-
Links or Cell Viability. All known LDTs contain a catalytic YkuD-
domain, which is named after a Bacillus subtilis protein from
which one of the first crystal structures was reported (12, 28).
C. difficile contains three YkuD-type LD Ts (Fig. 24) (22, 24, 25).
To address their contributions to PG biogenesis, we used
CRISPR mutagenesis to delete the three /dr genes alone and in
combination. We had no difficulty constructing a triple deletion
strain, referred to here for simplicity as A/dzI-3 even though the
genes are not in an operon. We verified the triple mutant by
PCR across each /dt deletion, western blotting, and whole genome
sequencing, which confirmed the three //# deletions are the only
mutations in the strain (S/ Appendix, Fig. S1). The Aldt1-3 mutant
was not only viable but completely healthy as judged by growth
rate, morphology, sensitivity to a collection of cell wall-targeting
antibiotics, and muropeptide analysis, which revealed no decrease
in 3-3 PG cross-links as compared to the wild-type (Fig. 1 B-E,
Tables 1 and 2, and S7 Appendix, Fig. S2 A and B). Although we
were surprised that the known LDTs are not required for 3-3
cross-linking, Galley et al. reported similar results while our study
was in progress (25). The fact that 3-3 cross-links are abundant
in a AldrI-3 mutant implies C. difficile must have one or more

novel LDT(s).

Bioinformatic Identification of VanW Domain Proteins as
Potential LDTs. We reasoned that the missing LDT(s) might be
up-regulated to compensate for the absence of the three YkuD-
type LDTs, so we used RNA sequencing to compare the gene
expression profile of wild-type to A/dtI-3 mutant. The only
noteworthy differences were the absence of transcripts for the
three /dr genes deleted in the mutant (S Appendix, Fig. S2C and
Dataset S1). Although this experiment failed in its original goal of
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Ldt1 T PG4 YKkuD - 469 aa

Ldt2 _ YkuD —1:141{3 1 3 — CWB2 — CWB2 — CWB2 —653 aa

Ldt3 —SH3-SH3—( YkuD ) 289aa

Ldt4 PG4 VanW  —(G5)IDR" 489 aa

Ldt5 PG4 VanW.  (G5)- 419aa

C. difficile LDT4 GGGVCQVSSTLYNSVLYAGLEIVNVKNHTIPSSYVPKGRDATV
C. difficile LDT5 GGGVCQTSSTVYNAALLSGMEITQVTNHSSASTYVPKGRDATV
S. wolfei GGGVCKIASTLYNVTILSNLPVIERYAHSMPVPYVPLGQDATV
R. cellulolyticum  GGGVCKMASTLYNVAILSNLPVVERHAHSMPVPYVPYGQDATV
G. acidurici GGGVCKIASTLYNVAIYSNLEVVERYNHTMPVPYVPYGQDATV
A. oremlandii GGGVCKIASTLYNVAILSDLQIVERHNHGMPVPYVPYGQDATV
D. ruminis GGGVCKIASLLYNVATLSDLQIIMRYPHSMTVPYVPPGQDATV
D. acetoxidans GGGVCKIASMLYNVVTFCDLKVISRSPHSMTVPYVPPGQDATV
C. calidirosea GGGVCQTSSTLYNAALLAGMQIVERHPHHFCPEYVPPGRDAAV
S. acidophilus GGGVCQGSSTLYAALLRTGLPIIERHHHGLTVPYLPPGEDATV
D. audaxviator GGGVCRTSTVLYGAVLNAGLPVIERHAHTRPVGYVPMGRDATV
M. thermoacetica

GGGICRTATLLHNAVLSAGLEVVERHRHGLPVTYVPPGYDATV
kkkeke oo e .. * *ek Kk KKk

Fig. 2. Predicted structures of C. difficile Ldts. (A) Domain architecture. T, transmembrane helix; L, signal peptidase 2 signal sequence; PG4, PG-binding domain
4; YkuD, L,D-transpeptidase catalytic domain; 1 and 3, choline-binding domains; CWB2, cell wall-binding domain 2; SH3, bacterial SH3 domain; VanW, L,D-
transpeptidase catalytic domain; G5 and G5, complete and partial G5 domains; IDR, intrinsically disordered region. (B) Amino acid sequence alignment of
the active site region from 10 VanW domains with the proposed catalytic triad highlighted with red, green, and blue. Gray highlight and asterisks denote
strict amino acid identity, colons and periods indicate other conserved positions. Sequences shown are from C. difficile, Desulforudis audaxviator, Moorella
thermoacetica, Sulfobacillus acidophilus, Ruminiclostridium cellulolyticum, Gottschalkia acidurici, Alkaliphilus oremlandii, Syntrophomonas wolfei, Desulforamulus ruminis,
Desulfofarcimen acetoxidans, and Chthonomonas calidirosea. See Sl Appendix, Fig. S1 for an alignment of the entire VanW domains. (C) AlphaFold2 models of the
YkuD-domain from C. difficile Ldt1 and the VanW domain from Ldt5, with the catalytic triads in color: Cys (red), His (green), Asp (cyan). (D) Confidence of the
Ldt5 VanW domain model based on predicted local distance difference test. Dark blue >90 (highly accurate), light blue 89-70 (modeled well), and yellow 69-50

(low confidence, caution).

finding the missing LDT(s), the absence of a cell envelope stress
response underscores the basic health of the A/drI-3 mutant.
We then searched the C. difficile R20291 genome in BioCyc
(29) for proteins with the noncatalytic domains annotated in the
various C. difficile LDTs (Fig. 24). Hits to the choline-binding,
cell wall-binding, and bacterial SH3 domains in Ldt2 and Ldt3
returned proteins that were either unlikely candidates foran LDT
(e.g., PG hydrolases and the major toxins TcdA and TedB) or too
numerous to test (e.g., 27 proteins with the cell wall-binding 2
domain). In contrast, a search with the PG_binding_4 domain

Table 1. Muropeptide quantitation

(PG4; PF12229) found in Ldtl only returned two uncharacterized
proteins, CDR20291_1285 and CDR20291_2055, which we
have named Ldt4 and Ldt5 based on results shown below.
Interestingly, all three C. difficile PG4 domain proteins (i.e., Ldtl,
Ldt4, and Ldt5) are up-regulated in a mutant lacking the PrkC
serine/threonine kinase involved in cell envelope homeostasis (30),
suggesting a shared function.

Both Ldt4 and Ldt¢5 are predicted membrane proteins with
large extracellular domains that include a PG4 domain and a

VanW domain (PF04294) (Fig. 24). In Ldt4, the VanW domain

Peak area [%]

Calculated Observed
A1-3A4 Ave Rt" monoisotopic monoisotopic
Peak’ Muropeptide 3.3 WT A1-3 A4AS A1-3A4 P op:ldlt5 [min] mass (+H) mass (+H)
1 DS-TriP 6.9+0.7 85+0.4 53+1.1 6.2+1.4 1.6+0.0 10.9 829.36730 829.3656
1a DS-TriP 28+0.3 1.9+£0.1 3.3+0.2 28+0.3 7.4+23 12.6 829.36730 829.3651
4 DS-TriP-Gly 5.9+0.0 23+0.0 5.6+0.3 23+0.1 0.2+0.1 14.8 886.38876 886.3864
7 DS-TetraP 357+19 38804 438+16 41.7+14 68.0+09 19.5 900.40441 900.4022
15a DS-TriP-TetraP-DS Y 27.6+1.8 25.5+0.1 23.2+1.9 249+0.8 3.7+1.1 40.6 1,710.75387 1,710.7486
17 DS-TriP-TetraP-DS Y 6.9+0.1 7.3+0.0 43+0.2 6.8+0.4 09+0.2 44.3 1,710.75387 1,710.7484
19 DS-TetraP-TetraP-DS N 9.8+0.5 10.8+0.3 9.8+0.5 10.6 £0.2 11.8+1.2 46.0 1,781.79099 1,781.7849
21 DS-TetraP-TetraP-DS N 43+0.2 49+0.3 47+0.2 4.8+0.1 6.5+0.3 49.5 1,781.79099 1,781.7849

*Values are averages and SD for three independent samples.
"Peaks numbered as in ref. 22.

*All disaccharides (DS) are deacetylated.

$3.3 cross-links; Y: yes, N: no.

Average retention time.
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Table 2. PG cross-linking

WT A1-3 A4A5 A1-3A4 A1-3A4 P,.:ldt5
% DS" in monomers 51 52 58 53 77
% DS in dimers 49 48 42 47 23
% DS 3-3 cross-linked 35 33 28 32 5
% DS 4-3 cross-linked 14 16 15 15 18
% dimers 3-3 cross-linked 71 68 65 67 20
% dimers 4-3 cross-linked 29 32 35 33 80

*DS: disaccharides.

is followed by a G5 domain (PF07501) and an intrinsically dis-
ordered region (IDR). Ldt5 appears to have the first half of 2 G5
domain (G5’). PG4 domains are often found in YkuD-type LD Ts
and have been proposed to bind PG (31), but PG-binding has
not been demonstrated. G5 domains are named for conserved
glycines. They are found in many extracellular proteins from
gram-positive organisms (31), bind zinc and heparin (32, 33),
and have been modeled into the structure of PG (34), but there
is no experimental evidence for PG-binding. C-terminal IDRs in
PBPs are proposed to target these enzymes to gaps in the sacculus
to make repairs (35).

No function has been proposed for VanW domains, which were
first recognized in atypical Enterococcus vancomycin resistance gene
clusters (26, 27). Close inspection of VanW domain sequence
alignments revealed a conserved cysteine, histidine, and aspartate
that are positioned to form a catalytic triad when mapped onto
the high-confidence AlphaFold2 (AF2) (36) models of the Van'W/
domains from Ldt4 and Ldt5 (Fig. 2 B—D and SI Appendix,
Figs. S3 and S4). Similar triads are found in YkuD-type LDTs
(modeled for C. difficile Ldt1 in Fig. 2C), which catalyze a two-step
transpeptidation reaction via a covalent thioacyl-enzyme interme-
diate (12, 37, 38). Despite this similarity, VanW and YkuD
domains have different folds and cannot be superimposed.
Moreover, searches with DALI and Foldseek indicate the VanW
domain has no significant similarity to any known structures
(39—41). Thus, the VanW domain appears to represent a novel
fold with a catalytic triad as found in YkuD-family LDTs.

VanW Domain Proteins Ldt4 and Ldt5 are LDT In Vitro. Trans-
peptidase activity can be assayed by monitoring incorporation of
fluorescent substrate analogs into isolated PG sacculi (42). We
purified the soluble extracellular domains of Ldt4, Ldt5, and as
a control the YkuD-domain protein Ldel (Lde4” %, Lde5>*4"?,
Lde1>-49%) (1 Appendix, Fig. S5A). The enzymes were tested using
TetraRh, a fluorescent analog of an authentic LDT acyl donor
substrate (43). TetraRh consists of a Rhodamine dye attached to
the N terminus of a tetrapeptide based on Enterococcus faecium PG
with the sequence: D-Ala-iso-D-Gln-L-Lys(Ac)-D-Ala (Fig. 34
and SI Appendix, Fig. S6). Note that the Lysine is acetylated to
prevent it from acting as a transpeptidation acceptor. To test for
LDT activity, enzyme and TetraRh were incubated with B. subrilis
PG sacculi that had been immobilized on a glass slide. After 1 h, the
sacculi were washed and imaged by phase-contrast and fluorescence
microscopy. The results are compiled in Fig. 3B. All three LDTs
incorporated TetraRh into sacculi, although fluorescence was
about fourfold higher with Ldel than Lde4 or Lde5 (Fig. 30).
In contrast, none of the LDTs incorporated label when D-Ala

in TetraRh was replaced with L-Ala, nor did they incorporate a
pentapeptide analog (PentaRh) that is a substrate for PBPs but
not LDTs (43). As expected, changing the active site cysteine
to alanine in Ldt4 and Ldt5 abrogated activity with TetraRh.
Circular dichroism spectra of the Ldt4“**** and Ldt5“*** mutant

https://doi.org/10.1073/pnas.2408540121

proteins were indistinguishable from WT, indicating they folded
properly (SI Appendix, Fig. S5B). Finally, meropenem inhibited
the activity of Ldtl, Ldt4, and Ldt5 (Fig. 3D). Inhibition of Ldt1
was expected as meropenem is known to acylate this enzyme (24).
Inhibition of Ldt4 and Ldt5 argues that VanW domains and YkuD
domains have very similar active sites, which has implications for
developing antibiotics effective against both LDT families.

We next tested Ldt4 and Ldt5 for L,D-transpeptidase activity
using  disaccharide-tetrapeptide (DS-TetraP) isolated by high-
performance liquid chromatograph (HPLC) after mutanolysin
digestion and borohydride reduction of purified C. difficile PG sac-
culi. DS-TetraP has the structure NAG-NAM(red)-L-Ala-iso-D-
Glu-meso-DAP-D-Ala, with the NAM moiety in the muramitol
form due to the reduction step. Reaction mixtures containing
enzyme and DS-Tetral were incubated for 2 h at 37 °C and then
analyzed by HPLC. Ldt4 and Ldt5 converted DS-TetraP to a prod-
uct with a retention time of 31 min (Fig. 3E), which was determined
by elution time and mass spectrometry to be disaccharide-tripeptide
3-3 cross-linked to a disaccharide-tetrapeptide (DS-TriP-TetraP-DS)
(81 Appendix, Fig. S7). Ldtl, Lde4, and Ldt5 all exhibited carboxy-
peptidase activity, producing a product with retention time of 21
min, which was determined by elution time and mass spectrometry
to be DS-TriP. As expected, the catalytic mutant derivatives
Lde4“*** and Lde5“*** were unable to produce a cross-linked prod-
uct, although both generated some DS-TriB indicating they retain
carboxypeptidase activity (Fig. 3E). We interpret these results to mean
that the catalytic cysteine is required for transpeptidation, presumably
because of its role as an acyl carrier, but other features of the enzyme
that promote catalysis such as transition state stabilization are suffi-
cient for removal of the terminal D-Ala®. Of note, but in agreement
with a previous study (24), Ldt1 did not cross-link DS-Tetral in our
assay; although Ldtl has been shown to generate a small amount of
cross-linked product by using more enzyme and longer incubations
(25). The fact that Ldt1 has little or no ability to cross-link DS-Tetral
yet outperforms Ldt4 and Ldt5 for incorporation of TetraRh into
intact sacculi suggests it requires a substrate larger than a DS-Tetral
as acceptor in the transpeptidation reaction.

LDTs and 3-3 Cross-Links Are Essential for Viability in C. difficile.
Having determined that the VanW domain proteins are bona
fide LDTs, we addressed their contribution to 3-3 cross-linking
in vivo. To this end, we used CRISPR mutagenesis to create
the Aldt4, Aldt5, and Aldt4Ald:S strains. All of these mutants
were viable and exhibited typical rod morphology (Fig. 44 and
SI Appendix, Fig. S84). In addition, muropeptide analysis of
the Aldr4Aldt5 strain revealed normal levels of 3-3 cross-linking
(Fig. 54 and Tables 1 and 2). We then deleted either /dr4 or
ldz5 in the Aldrl-3 background. Once again the mutants were
viable with no change in morphology (Fig. 44 and SI Appendix,
Fig. S84), and the A/ldrl-3A4 strain retained normal levels of
3-3 cross-linking (Fig. 54 and Tables 1 and 2). We also tested
whether sporulation was affected in some of the mutants
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Fig. 3. VanW domains catalyze L,D-transpeptidation in vitro. (A) Schematic diagram of incorporation of TetraRh into PG sacculi by an Ldt. Pink pentagon,
Rhodamine. Colored balls, amino acids. Dark and light gray hexagons, NAM and NAG, respectively. (B) Phase-contrast and fluorescence micrographs of immobilized
PG sacculi after incubation for 1 h with 5 pM enzyme and 30 pM substrate analog as indicated. TetraRh: LDT-specific substrate analog; L-Ala-TetraRh, negative
control; PentaRh, PBP-specific substrate. Size bar, 10 um. Micrographs are representative of at least two experiments. (C) Quantification of TetraRh incorporation
into sacculi graphed as the mean + SD of the fluorescence intensity from 10 sacculi. (D) Inhibition of LDT activity by meropenem graphed as the mean and SD of
data pooled from four experiments. IC50 is the concentration of meropenem needed to reduce LDT activity by half. (F) HPLC analysis of muropeptides after 1 h
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traces for 1 and 15a are shown by the dotted and dashed lines, respectively. Chromatograms are representative of three experiments.

and observed a modest increase in some cases (SI Appendix,
Fig. S8B). However, multiple attempts to delete all five /drs were
unsuccessful, suggesting a synthetic lethal phenotype. This was
confirmed using CRISPRi to knock down expression of /¢4 in
a Aldtl-3A5 mutant or /dt5 in a Aldt1-3A4 mutant. In both
cases, knockdown of the last remaining LDT caused a 2 to 3 log
drop in viability (87 Appendix, Fig. S9)

We then replaced the native promoter for /dz5 with P, in the
Aldr1-3A4 background, rendering expression of the last remaining
LDT dependent on the inducer anhydrotetracycline (aTet). Spot
titer assays on tryptone-yeast (TY) media with and without aTet
revealed Ldt5 was required for viability (Fig. 44). This result was
confirmed in liquid media, where subculturing into TY lacking
aTet resulted in slower growth and eventually a drop in OD,
indicative of lysis (Fig. 4B). Microscopy revealed cells depleted of
the last remaining LDT became longer, thinner, and curvy in
comparison to WT. Cell ghosts indicative of lysis were also seen
(Fig. 4 C and D). Staining with the membrane dye FM4-64
revealed relatively few division septa in the population depleted

PNAS 2024 Vol.121 No.34 e2408540121

of LDTs (Fig. 4C). These phenotypic defects implicate LDTs in
elongation and cell division.

To determine whether the viability loss is associated with the loss
of 3-3 cross-links, we analyzed muropeptides from WT, the
Aldt4Aldz5 double mutant, the AldrI-3A4 quadruple mutant, and
the Aldr1-3A4 D,,::ldr5 depletion strain. Cultures were grown in
TY, which was supplemented with a small amount of aTet (0.25
ng/mL) for the depletion strain so it could reach high enough OD,
to obtain sufficient sacculi for muropeptide analysis. Muropeptides
were identified by mass spectrometry and named according to
Peltier et al. to facilitate comparisons (Fig. 54) (22). There was a
drastic reduction in muropeptides 1, 4, 15a, and 17 in the depletion
strain. All of these changes are attributable to loss of LDT activity.
Mostimportantly, peaks 15aand 17 are two 3-3 cross-linked DS-TriP-
TetraP-DS species that separate during HPLC for unknown reasons.
The area under the curve for muropeptides 15a+17 decreased from
34.5 in WT to 4.6% in the depletion strain, an ~85% decrease
(Tables 1 and 2). Peaks 1 and 4 are DS-TriP and DS-TriP-Gly,
which are created by LDT-catalyzed carboxypeptidase and exchange
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reactions, respectively. A minor DS-TriP species eluting as peak 1a
appears to be increased in the depletion stain; we cannot at present
explain that change. Interestingly, loss of 3-3 cross-linking increased
primarily uncross-linked muropeptides (Peaks 1a and 7) rather than
4-3 cross-linking muropeptides (Peaks 19 and 21). Thus, LDTs and
PBPs are not in competition, which can be explained by their dif-
ferent acyl donor requirements, and C. difficile is unable to com-
pensate for defects in 3-3 cross-linking by making more 4-3
cross-links instead.

We further characterized LDTs in vivo using TetraRh (Fig. 5B).
Flow cytometry of wild-type C. difficile cells grown for 1 h in the
presence of 30 pM TetraRh revealed a ~350-fold increase in flu-
orescence as compared to background determined using the non-
physiological L-Ala-TetraRh variant. Label incorporation
decreased ~30-fold in the A/d¢l-3 strain but was unaffected in
the Aldt4Aldt5 strain, indicating TetraRh is a much better sub-
strate for C. difficiles YkuD-type LDTs than for its VanW-type
LDTs, as was seen in vitro (Fig. 3 B and C). Deletion of /d#4 in
the Aldri-3 background further reduced TetraRh incorporation,
but deletion of /dr5 had little effect. Finally, labeling with TetraRh
dropped to near background when the Aldt1-3A4 P, ::/dr5 deple-

tion strain was grown without aTet (Fig. 5B). Overall, experiments

https://doi.org/10.1073/pnas.2408540121

with TetraRh confirm the absence of LDT activity in the
Aldr1-3A4 P, ::ldt5 depletion strain.

Ldt1, Ldt4, or Ldt5 Is Sufficient for Viability. The above results
demonstrate C. difficile must express at least one /dt for 3-3 cross-
linking and viability. But which one(s)? To address this question,
we cloned each /¢ into a plasmid with a xylose-inducible promoter,
P [(44). The resulting /dr expression plasmids were conjugated into
the Aldr1-4 P, ::ldt5 depletion strain, and viability was determined
by a spot titer assay on TY with 1% xylose but no aTet. We found
that Ldt1, Lde4, or Ldt5 were each sufficient for viability, but Ld2
or Ldt3 were not (Fig. 4E), even though they were produced at
physiological levels or higher as determined by western blotting
(SI Appendix, Fig. S1 B-D). Moreover, CRISPRi knockdown of
ldt] in a Aldr4-5 mutant resulted in a loss of viability, indicating
that Ldt2 and Ldt3 are not sufficient for normal growth even when
present simultaneously (S Appendix, Fig. S9).

VanW Domain Containing Proteins Are Common in Gram-
Positive Bacteria. The Pfam database (v31, November 2023) lists
15,131 VanW domain proteins from 6,920 bacterial species (45).
‘That makes VanW domains almost 10-fold less common than
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YkuD domains, for which Pfam lists about ~131,000 examples
in ~30,000 bacterial species. About half of the VanW domain
proteins have one or more PG4 domains, as seen in Ldt4 and
Ldt5 of C. difficile. Using AnnoTree (46) to map the Pfam Van'W
domains onto a bacterial phylogenetic tree revealed a patchy
distribution with ~70% of Bacillota (formerly called Firmicutes)
and ~40% of Actinomycetota having at least one predicted Van'W
domain protein (Fig. 6A4). Indeed, these two phyla account for

~65% of all sequenced VanW homologs. In contrast, only ~10%
of Cyanobacteria, 6% of Bacteroidota, and 1% of Pseudomonadota
genomes encode a predicted VanW domain protein. Van'W
domains are notably absent from E. coli, Salmonella typhimurium,
Caulobacter crescentus, Staphylococcus aureus, and Streptococcus
pneumoniae. B. subtilis and some (but not all) Enterococcus faecalis
strains have a VanW domain protein, but these have not been
characterized. Not enough is known about the structure of PG
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Fig. 6. VanW domain LDTs are most prevalent in gram-positive bacteria. (A) Phylogenetic distribution of VanW domains (red lines). Some phyla names were
pruned for clarity. (B) Domain structure of VanW domain proteins tested for LDT activity. Domains labeled as in Fig. 1A. (C) Flow cytometry analysis of cells grown
for 1 hin the presence of TetraRh graphed as the mean + SD from three trials. The strains are derivatives of KB474 [Aldt1-3Aldt4] harboring P, expression
vectors: EV, KB633; C. difficile Ldt5, KB634; B. subtilis YoaR, KB635; E. faecalis VanW, KB636; Paraclostridium bifermentans VanW, KB637; Ruminococcaceae sp. VanW,
KB638; Lachnospiraceae sp. VanW, KB639; Peptostreptococcus sp. VanW 0521, KB640; and Peptostreptococcus sp. VanW 1713, KB 641.
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in different bacteria to comment on whether VanW domains
are overrepresented in bacteria where 3-3 cross-links are more
abundant.

We used TetraRh to test seven foreign VanW domain proteins
for LDT activity when expressed from a P, , plasmid ina C. difficile
strain deleted of all LDTs except Ldt5 (Fig. 6B). This strain grows
well but Ldt5 does not incorporate TetraRh very efficiently so back-
ground fluorescence is low. Three of the seven foreign VanW domain
proteins supported robust incorporation of TetraRh into C. difficile,
confirming that they are LDTs (Fig. 6C). The four VanW domain
proteins that failed to incorporate TetraRh are difficult to inter-
pret—they might not have been expressed, they might require dif-
ferent assay conditions, or they might not be LDTs.

Discussion

Most bacteria rely primarily on PBPs that make 4-3 cross-links to
construct an osmotically stable PG wall. C. difficile, in contrast,
relies primarily on 3-3 cross-links created by LDTs (22). We have
demonstrated that 3-3 cross-linking and LDTs are essential for
viability in C. difficile, making it so far the only bacterium in which
3-3 cross-links and LD Ts are known to be essential. We also report
the identification of a family of LD Ts whose hallmark is a VanW
catalytic domain, which has no sequence or structural similarity
to the YkuD catalytic domain found in all previously known LD Ts
(12). Indeed, VanW domains appear to represent a novel fold, as
searches to detect related structures using Foldseek (39) or remote
homologs using HHsearch (47) did not return any statistically
significant matches. Nevertheless, we infer that VanW and YkuD
domains catalyze 3-3 cross-linking by a similar two-step catalytic
mechanism based on the presence of a conserved cysteine that is
required for transpeptidation. In YkuD domains, this cysteine is
the attacking nucleophile that forms a covalent thioacyl interme-
diate with the donor peptide substrate (20, 37, 48).

VanW domains are named for their presence in atypical
Enterococcus vancomycin resistance gene clusters (26, 27). There
is no experimental evidence for a role in vancomycin resistance,
nor has any biochemical function been proposed. The finding that
VanW domains catalyze 3-3 cross-linking suggests a mechanism
by which they could contribute to vancomycin resistance.
Vancomycin inhibits PG synthesis by binding to the terminal
D-alanyl-D-Ala of the pentapeptide in PG precursors. Known
resistance mechanisms involve modifying the stem peptide to
prevent vancomycin binding by changing the terminal D-Ala to
D-serine or D-lactate (49, 50), or by converting pentapeptides to
tetrapeptides that are subsequently cross-linked by LDTs (51).
But the latter resistance mechanism comes at a cost because it
renders the PBPs inoperative. Curiously, C. difficile is vancomycin
sensitive despite its heavy reliance on LDTs for PG cross-linking
(22, 52). Further work will be needed to understand this conun-
drum, but it could have to do with the fact that C. difficile has
two PBPs that are essential for vegetative growth. Alternatively, or
in addition, vancomycin might block conversion of pentapeptides
to tetrapeptides by extracellular carboxypeptidases and thus starve
LDTs of substrate. Similarly, dual inhibition of synthetic PBPs
and carboxypeptidases might explain why C. difficile is sensitive
to B-lactams like ampicillin that do not inhibit LDTs directly (53).

In considering the potential advantages of LDTs over PBPs in
PG biogenesis, an important distinction is that only LDTs can
repair broken cross-links in the absence of de novo PG synthesis
(17). In particular, endopeptidase cleavage of a 4-3 cross-link gen-
erates tetra- and tripeptides that can be stitched back together as
a 3-3 cross-link by an LDT but not a PBP. The repair function of

https://doi.org/10.1073/pnas.2408540121

LDTs is important for maintaining PG integrity in Mycobacterium
smegmatis and presumably other bacteria that exhibit polar growth
and high levels of 3-3 cross-linking (17). However, we hypothesize
that C. difficile employs LDTs as the major source of initial
cross-linking during elongation and perhaps division as well.
Using the fluorescent D-amino acid HADA to visualize sites of
PG synthesis in growing C. difficile cells revealed uniform incor-
poration throughout the sidewall, arguing against polar growth
(54). Moreover, the primary morphological defects we observed
upon LDT depletion—longer, thinner, curvy cells with few
septa—are more suggestive of a PG synthesis defect than a repair
defect, which should have manifested as bloating and bulges, as
reported in M. smegmatis (17).

The unique essentiality of 3-3 cross-links in C. difficile suggests
LDTs might be explored as targets for antibiotics that kill C. difficile
without disrupting the normal intestinal microbiota needed to keep
C. difficile in check. Previous efforts to develop antibiotics that
inhibit LDTs have focused mainly on Mycobacterium tuberculosis
Ldty,,, which is required for virulence but not for viability per se
(55, 56). These efforts have mostly been directed at improving the
efficacy of penems and carbapenems (48, 57, 58). However, penems
and carbapenems also inactivate PBPs. This may be a plus for treating
tuberculosis but compromises the selectivity that makes LD Ts attrac-
tive therapeutic targets in C. difficile. Nevertheless, our finding that
meropenem inhibits C. difficiles YkuD and VanW domain LDTs
argues that it is possible to develop drugs that target both classes of
LDTs despite their profoundly different structures.

Materials and Methods

Strains, Media, and Growth Conditions. Bacterial strains are listed in
Sl Appendix, Table S1. C. difficile strains used in this study were all derived from
R20291(59). C. difficile was grown in Y medium, supplemented as needed with
thiamphenicol at 10 pg/mL(Thi,g), kanamycin at 50 pg/mL, or cefoxitin at 8 pg/
mL. Anhydrous tetracycline (aTet) was used to induce genes under P, control
(Fluka). TY medium consisted of 3% tryptone, 2% yeast extract, and 2% agar (for
solid medium). For conjugation plates, brain heart infusion (BHI, Bacto) solid
medium was used. BHI media consisted of 3.7% BHI and 2% agar. C. difficile
strains were grown at 37 °C in an anaerobic chamber (Coy Laboratory Products)
in an atmosphere of about 2% H,, 5% CO,, and 93% N,. Growth was monitored
at 0D, with a WPA Biowave CO8000 Cell Density Meter.

E. coli and B. subtilis strains were grown in lysogeny broth (LB) medium at
37 °Cwith chloramphenicol at 10 pg/mLorampicillin at 100 pg/mLas necessary.
LB contained 1% tryptone, 0.5% yeast extract, 0.5% NaCl, and 1.5% agar (for
solid medium).

Fluorescent Substrate Analogs. The L,D-transpeptidase specific substrate
analog, Rhodamine-L-Ala-iso-D-GlIn-L-Lys(Ac)-D-Ala (TetraRh), the negative
control, Rhodamine-L-Ala-iso-D-GIn-L-Lys(Ac)-L-Ala (L-ala-TetraRh) and the
PBP-specific substrate analog, Rhodamine-L-Ala-iso-D-GIn-L-Lys(Ac)-D-Ala-
D-Ala (PentaRh) were synthesized as described (43) (S| Appendix, Fig. S6).

Plasmid and Bacterial Strain Construction. Plasmids are listed in S/ Appendix,
Table S2, and were constructed by isothermal assembly with reagents from New
England Biolabs (Ipswich, MA). Regions that were constructed by PCR were ver-
ified by DNA sequencing. The oligonucleotide primers used in this study were
synthesized by Integrated DNA Technologies (Coralville, IA) and are listed in
SI Appendix, Table S3. All plasmids were propagated using OmniMax 2-T1R as
the cloning host. Conjugation into C. difficile used either E. coli HB101/pRK24
or B. subtills BS49 as donor (60-63). CRISPR editing plasmids were designed as
previously described (63, 64) with a single guide RNA against the target gene
and homology regions to repair the double-stranded break caused by the Cas9
nuclease. Successful mutagenesis was confirmed by PCR with Q5 or Tag DNA
polymerase (New England Biolabs). Detailed procedures for strain construction
are provided in S/ Appendix.
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Whole-Genome and RNA Sequencing. Samples were prepared and analyzed
mostly as described (65, 66). Details are provided in S/ Appendix.

Antibiotic Minimum Inhibitory Concentration Determination. The minimum
inhibitory concentration against select antibiotics was determined as described in
biological duplicate on two separate days (62). Briefly, overnight cultures were
diluted 1:100intoTY, grown to 0D, ~ 0.8 and then diluted to a calculated 0Dy =
0.005(~10° CFU/mL).A50 L aliquot of cells was added to 50 uL of TY plus antibiotic
in 96-well plates. Growth was scored after ~17 h incubation.

Viability Plating. Viability was tested by a spot titer assay. For this, a 10-fold
dilution series was prepared from overnight cultures, and 5 pL of each dilution
was spotted on to the appropriate plates, which were incubated at 37 °C overnight
and imaged.

Metabolic Labeling of PG in Live Cells with TetraRh. For labeling live cells,
most C. difficile strains were subcultured 1:100 into TY, grown to an 0Dy, of
0.2t0 0.3, and metabolic label was added to a final concentration of 30 uM.The
LDT depletion strain was grown overnightinTY containing aTet at 4 ng/uL, washed
once inTY to remove aTet, and then subcultured 1:100 into TY containing aTet at
0.25 ng/pL. TetraRh was added when the culture reached 0D, = 0.2. Typically
about T mLof culture was incubated with dye. After Th at 37 °C, cells were washed
three times with 1 mLphosphate-buffer saline (PBS), consisting of 137 mM NaCl,
3 mM KCl, 10 mM NaH,PO,, and 2 mM KH,POQ,, pH 7.4). Washed cells were
resuspended in 100 pL PBS, and fixed by pipetting into 24 pl fixation cocktail
[4 uL 1 M NaPO, buffer, pH 7.4, and 20 pL 16% (wt/vol) paraformaldehyde (Alfa
Aesar)]. Fixation was allowed to proceed at room temperature for 30 min, then on
ice for 30 min. Fixed cells were washed three times in PBS, suspended in ~50 plL
PBS, then imaged by microscopy or analyzed by flow cytometry.

Microscopy. Cells were immobilized using thin agarose pads (1%). Phase-
contrast micrographs were recorded on an Olympus BX60 microscope
equipped with a 100x UPlanApo objective (numerical aperture, 1.35).
Micrographs were captured with a Hamamatsu Orca Flash 4.0 V2+ comple-
mentary metal oxide semiconductor camera. Excitation light was generated
with an X-Cite XYLIS light-emitting diode light source. Membranes were
stained with the lipophilic dye FM4-64 (Life Technologies) at 10 pg/mL. Cells
were imaged immediately without washing. Red fluorescence was detected
with the Chroma filter set 49008 (538 to 582 nm excitation filter, 587 nm
dichroic mirror, and a 590 to 667 nm emission filter). Fluorescence was
quantitated using the image analysis package Fiji (67). The plug-in module
MicrobeJ was used to measure cell length (68).

Flow Cytometry. Fixed cells [abeled with D-Ala-TetraRh or L-Ala-TetraRh were
analyzed at the Flow Cytometry Facility at the University of lowa using a Becton
Dickinson LSR Il instrument with a 561 nm laser, a 610/20-nm-band-pass filter,
and a 600 LP dichroic filter as previously described (69). The data were analyzed
using BD FACSDiva software. Fluorescence was quantitated at 900V and the mean
reported from 20,000 cells.

PG Purification and Muropeptide Analysis. For details of the following proce-
dures, see S Appendix. PG purification was purified from cells grown in 100 mL
TY to an 0D, of 0.3 following published procedures (70-72). PG purified from
100 mLof culture was digested with Mutanolysin (Sigma), reduced using NaBH,
and separated using HPLC as previously described (73). Muropeptide peaks were
collected and further purified individually on the HPLC. These purified muropep-
tide peaks were collected, lyophilized, and used for mass spectrometry analyses
and for in vitro analyses of LDT activity. Liquid chromatography-mass spectrometry
(LC-MS) was performed as described (74) by reversed-phase chromatography
(Waters BEH C18) using acidified water/MeOH gradients with the column eluents
evaluated by electrospray ionization mass spectrometry in the positive ion mode
with a Shimadzu LCMS 9030 (QTof).

Western Blot. Rabbit polyclonal antiserum against Ldt1, Ldt2, and Ldt3 was raised
against purified protein (ProSci). To analyze protein levels by western immunob-
lotting, 3 mL cultures grown to an 0D, ~ 0.85 were pelleted, resuspended in
300 pl 2x Laemmli buffer, and sonicated (Branson Sonifier 450, microtip, out-
put 3, two cycles of 15 pulses). After heating at 95 °C for 10 to 15 min, 20 pl
sample was electrophoresed on 10% sodium dodecyl sulfate-polyacrylamide gel
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electrophoresis (TGX gel, BioRad), transferred to nitrocellulose, and developed using
standard laboratory procedures. Primary antiserum for Ldt1 and Ldt3 was used at
1:10,000; primary antiserum for Ldt2 was used at 1:100,000. Secondary antibody
(IRDye 680LT goat anti-rabbit antibody, LI-COR, Lincoln, NE) was used at 1:10,000,
and blots were visualized with an Azure Biosystems Sapphire Biomolecular Imager.

sporulation. Effects of /dt mutation on the ability to sporulate were measured
as previously described (75).

Production, Purification, and Circular Dichroism Spectroscopy of LDT.
Expression strains were grown in 1 LLBAmp'® Cm'®at 37 °Ctoan 0D, 0f 0.5,
induced with 1 mM PTG, shifted to 30 °C, grown an additional 3 h, and harvested
at8,000 x g.Proteins were purified at4 °C by the batch method over 1 mLNi-NTA
resin according to the manufacturer's instructions (HisPur, Thermo Scientific). All
buffers were 50 mM NaPO,, pH 7.4, and 100 mM NaCl, with varied imidazole
(10 mM lysis buffer, 20 mM wash buffer,and 250 mM elution buffer). The eluted
protein was dialyzed against 50 mM NaPO,, pH 7.4,and 100 mM NaCl and either
stored at 4 °C oradjusted to 5% glycerol and stored at =80 °C. Circular dichroism
spectroscopy to determine protein secondary structure was performed with about
5 pM protein in 50 mM NaPO,, pH 7.0, 50 mM NaCl as described (76).

LDT Assay with TetraRH and Purified Sacculi. PG sacculi for in vitro labeling
were purified from B. subtilis as outlined for C. difficile above, except that PG was
incubated with 48% hydrofluoricacid (Sigma) instead of 6 N HCl to remove teichoic
acids (71). Sacculi were adhered to poly-L-Lysine coated multiwell slides as pre-
viously described (77). Any free poly-L-lysine coated surface was blocked with
2 mg/mLbovine serum albumin for 20 min and washed with PBS. For the reaction,
5 uM enzyme was premixed with 30 uM fluorescent substrate analog in 50 mM
NaPO,, pH 7.0, and 50 mM NaCl. The reaction was started by pipetting 10 pL to
the well with the PG sacculi and incubated at 37 °Cfor 1 h. Wells were washed with
PBS and imaged by microscopy. To measure inhibition by meropenem (AuroMedics
Pharma LLC, ordered from the University of lowa hospital pharmacy), the antibiotic
was added to the enzyme-TetraRh mixture, incubated 5 min at room temperature,
then pipetted onto the immobilized PG sacculi and processed as above. Afterimag-
ing, average fluorescence intensity was quantitated for a minimum of 10 sacculi
per condition using Fiji. IC50 values were determined by performing a nonlinear
fit (inhibitor vs. response, three parameters) using GraphPad Prism v10.2.0, with
the top value constrained to 100% and the bottom to 0.

LDT Assay with Purified DS-TetraP. LDTs were assayed much as described (24)
in 50 mM NaPO,, pH 7.0, and 50 mM NaCl at 10 uM enzyme and 30 uM DS-
TetraP substrate (purified from R20291) in a final volume of 12 uL. As the purified
substrate had been reduced prior to HPLC purification, the MurNAc was converted
to the alcohol form. Assays were incubated at 37 °Cfor 2 h priorto chilling to 4 °C
and HPLC analysis using the same acetonitrile/trifluoracetic acid buffer system
and peak detection at 206 nm as described above for the muropeptide analysis.

Sequence Alignments. VanW domain sequences were aligned in Clustal Omega
using default parameters as described in S/ Appendix.

Domain Modeling. The VanW and YkuD domains were modeled with AF2 (36)
using MMseqs2 (78) by running ColabFold v1.5.5 (79). The following parame-
ters were used: msa_mode: mmseq2_uniref_env, pair_mode: unpaired_pair,
model_type: auto, num_recycles: 3, recycle_early_stop_tolerance: auto, relax_
max_iterations: 200, pairing_strategy: greedy. The highest-ranked structure by
predicted local difference test was used for illustrations. AF2 structures were ren-
dered in ChimeraX version 1.5 using default settings (80). Structure comparison
(overlay) was performed using the matchmaker function in ChimeraX using the
"best-aligning pair of chains between reference and match structure”

Phylogenetic Distribution of VanW Domains. The phylogenetic distribution
of VanW domains was determined by searching PF04294 in AnnoTree version 2.0
beta (46), which includes Kyoto Encyclopedia of Genes and Genomes (KEGG) and
InterPro annotations for 80,789 bacterial and 4,416 archaeal genomes.

Data, Materials, and Software Availability. The whole-genome sequenc-
ing data of the Aldt7-3 mutant were deposited under the BioProject ID
PRINA1125457 (81). RNA-seq data were submitted to the NCBI GEO repository
and assigned accession number GSE270128 (82). All other data are included in
the manuscript or S/ Appendix.
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