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The peptidoglycan (PG) layer stabilizes the bacterial cell envelope
to maintain the integrity and shape of the cell. Penicillin-binding
proteins (PBPs) synthesize essential 4-3 cross-links in PG and are
inhibited by p-lactam antibiotics. Some clinical isolates and labora-
tory strains of Enterococcus faecium and Escherichia coli achieve
high-level p-lactam resistance by utilizing p-lactam-insensitive LD-
transpeptidases (LDTs) to produce exclusively 3-3 cross-links in PG,
bypassing the PBPs. In E. coli, other LDTs covalently attach the
lipoprotein Lpp to PG to stabilize the envelope and maintain the
permeability barrier function of the outermembrane. Here we
show that subminimal inhibitory concentration of copper chloride
sensitizes E. coli cells to sodium dodecyl sulfate and impair survival
upon LPS transport stress, indicating reduced cell envelope robust-
ness. Cells grown in the presence of copper chloride lacked 3-3
cross-links in PG and displayed reduced covalent attachment of
Braun'’s lipoprotein and reduced incorporation of a fluorescent p-
amino acid, suggesting inhibition of LDTs. Copper dramatically de-
creased the minimal inhibitory concentration of ampicillin in E. coli
and E. faecium strains with a resistance mechanism relying on
LDTs and inhibited purified LDTs at submillimolar concentrations.
Hence, our work reveals how copper affects bacterial cell envelope
stability and counteracts LDT-mediated p-lactam resistance.
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Copper is an essential trace metal and cofactor of several
enzymes in bacteria but is toxic at high concentrations. The
antimicrobial effect of copper has been known since ancient times,
when copper was used to sterilize drinking water and chest wounds
(1). Multiple studies show that copper alloy surfaces kill efficiently
and rapidly various disease-causing bacteria, such as Escherichia
coli (2, 3), Staphylococcus aureus (4), Clostridium difficile (5),
Salmonella enterica and Camphylobacter jejuni (6), and Entero-
coccus faecalis and Enterococcus faecium (7, 8). Currently, copper
is used as a self-sanitizing material in high-risk areas in hospitals
and care units to reduce the spread of infections.

How copper ions affect bacteria is poorly understood. Once
taken up, copper ions cycle between cupric (Cu®") and cuprous
(Cu™*) states, potentially disturbing the intracellular redox poten-
tial. Additionally, copper generates superoxide and other reactive
oxygen species in the presence of molecular oxygen, causing
damage to the cell membrane through lipid peroxidation (9, 10).
Copper can outcompete and replace other metals from their
binding sites in metallo-proteins, such as the iron-sulfur protein
fumarase A, isopropylmalate isomerase, and 6-phosphogluconate
dehydratase in E. coli (11, 12). It is likely that copper has other yet
unknown targets, for example in the bacterial cell envelope.

The bacterial cell envelope is composed of several layers and
its integrity is essential for viability. The cell wall peptidoglycan
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(PG) layer is made of glycan chains that are connected by short
peptides and encases the cytoplasmic membrane to provide
mechanical stability to the cell (13). PG transpeptidases (TPases)
cross-link peptides during PG synthesis. Many bacteria, for ex-
ample E. coli, mainly contain 4-3 cross-links in their PG, made
by the classic DD-TPases, the penicillin-binding proteins (PBPs),
which are essential and targeted by fB-lactam antibiotics. How-
ever, ~5-15% of the peptide cross-links are unusual 3-3 cross-
links (14) formed by LD-TPases (LDTs), which are not essential
(15), have an active-site cysteine residue (16), and are not
inhibited by most p-lactams, with the notable exception of carba-
penems (17). DD- and LD-TPases are structurally and evolu-
tionary unrelated and use different peptide donors for the TPase
reaction (pentapeptides and tetrapeptides, respectively) (17-20).

E. coli has six LDTs (LdtA-F) with a YkuD-like domain
(PFAM 03744), which all locate in the periplasm. Of these, only
LtdD and LtdE form 3-3 cross-links, while LdtA, LdtB, and
LdtC attach the outermembrane (OM)-anchored lipoprotein
Lpp (Braun’s lipoprotein) to PG, stabilizing the cell envelope
(15, 21). The enzymatic function of a sixth homolog, LdtF (YafK),
which is involved in biofilm formation in pathogenic E. coli (22),
is unknown. Interestingly, several strains (e.g., E. coli M1 and
E. faecium M512) are able to bypass the essential DD-TPase
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activity of PBPs by utilizing an LDT (E. coli LdtD or E. faecium
Ldts,), resulting in p-lactam resistance (23, 24). In these strains,
LDTs work together with PG glycosyltransferases (glycan chain
polymerases) and DD-carboxypeptidases, which are required to
produce the tetrapeptide donor peptides.

Here we show that subminimal inhibitory concentration (sub-
MIC) of copper ions inhibit the LDTs of E. coli, causing cell
envelope defects due to the reduced attachment of Braun’s Lpp
and the loss of 3-3 cross-links. Inhibition of LdtD and Ldtg,
prevented the bypass of PBPs in E. coli and E. faecium, re-
spectively, resensitizing them to f-lactams.

Results

Copper Impairs the Robustness of the Cell Envelope. The OM of E.
coli is intimately linked to the PG layer via covalent attachment
of an abundant lipoprotein, called Lpp. This tight connection
contributes to the function of the OM as permeability barrier,
protecting the cell from otherwise lethal doses of toxic com-
pounds. Here we aimed to characterize the growth of an E. coli
strain lacking all known LDTs, BW25113A6LDT, in the pres-
ence of the anionic detergent sodium dodecyl sulfate (SDS) and
the toxic metal salt, copper chloride. BW25113A6LDT cannot
produce 3-3 cross-links in PG and cannot attach Lpp to PG,
although it produces Lpp. We observed that BW25113A6LDT
was sensitive to SDS (Fig. 14 and SI Appendix, Fig. S14), sug-
gesting that SDS resistance requires not only the presence of
Lpp, but its covalent attachment to PG by LDTs. Using different
mutant strains, we verified that SDS resistance required Lpp and
LDTs for attachment of Lpp (strain BW25113AldtABC in Fig.
14 and SI Appendix, Fig. S14) and not LDTs for the formation
of 3-3 cross-links (strain BW25113AldtDEF in Fig. 14 and SI
Appendix, Fig. S14). Mutant strains with a single deletion of ldtA,
ldtB, or ldtC were resistant to SDS, indicating that the absence of
each LDT can be compensated for by the two others (SI Ap-
pendix, Fig. S14).

The MIC of all strains for CuCl, in tryptic soy broth (TSB) was
7.5 mM. Interestingly, in the course of these experiments we
noticed that the addition of 0.5x MIC (3.75 mM) of copper
chloride sensitized the wild-type and AldtDEF cells to SDS,
phenocopying Alpp, AldtABC, and A6LDT cells (Fig. 14 and SI
Appendix, Fig. S1B). These results suggest that copper inhibits
LDTs involved with the attachment of Lpp, although the
inhibition of other targets by copper could contribute to SDS
sensitivity.

We next aimed to test if copper chloride impairs cell envelope
integrity in a different situation. For this we induced severe OM
assembly stress by depleting LptC, an essential component of the
lipopolysaccharide (LPS) export machinery. It is known that E.
coli arrests growth but is capable to survive the depletion of [ptC
(25). We grew cells of BW25113araBplptC in the presence of
arabinose and then inoculated them into growth media with or
without arabinose, and in the presence or absence of copper
chloride, and followed cell growth (optical density, OD) and
viability (colony forming units, CFU) (Fig. 1B). Wild-type cells
and cells of BW25113araBpiptC repleted of IptC (with arabinose)
stopped growing but survived in the presence of copper chloride
(Fig. 1B and SI Appendix, Fig. S2B). In contrast, the presence of
copper chloride reduced the OD and CFUs of BW25113ar-
aBplptC cells grown in the absence of arabinose (i.e., upon de-
pletion of lptC) (Fig. 1B). This effect was remarkably similar to
our observation that depletion of IptC caused lysis in mutant
cells that lack one of the LDTs for the formation of 3-3 cross-
links, LdtD (Fig. 1C), and suggested that copper chloride might
inhibit LdtD.

In summary, our cellular data suggest that copper inhibits
some or all LDTs at a concentration below the MIC, affecting
the robustness of the cell envelope under two conditions of
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Fig. 1. Copper impairs the robustness of the cell envelope. (A) Growth in
presence of SDS and copper. Overnight cultures of E. coli BW25113 (wt),
BW25113A/dtDAIdtEAIdEF (AldtDEF), BW25113AldtAAIdtBAIdtC (AldtABC),
BW25113A6LDT, and BW25113A/pp were adjusted to an equal OD and serial
dilutions were spotted on plates with or without 2% SDS, containing no
CuCl,, 1.88 mM or 3.75 mM CuCl, (0, 0.25, and 0.5x MIC, respectively). Plates
were incubated at 37 °C for 48 h. Representative results of three in-
dependent experiments are shown. Spots of the 103 dilution are shown; the
complete spot plate assay is shown in S/ Appendix, Fig. S1B. (B) Copper in-
duces cell killing when the transport of LPS to the OM is compromised. Cells
of the strain araBplptC were grown to an ODgoo of 0.2 under permissive
conditions (LD medium in the presence of 0.2% arabinose). Cells were har-
vested, washed three times in LD and diluted 1/100 in LD medium + 0.2%
Ara and LD medium without Ara. When cells reached an ODggo of 0.1 the
cultures were split and 3.75 mM CuCl, was added (arrow). Cell growth was
monitored by ODgoe measurements (Upper) and viability was assessed by
determining CFU (Lower). Results of the wild-type strain are shown in S/
Appendix, Fig. S2. (C) An IdtD mutant loses viability upon IptC depletion.
Growing cells of the araBplptCAldtD were shifted into media with or with-
out arabinose and the OD (Upper) and viability (Lower) was followed. The
IdtD mutant lysed and lost viability in the absence of arabinose, similar to
the LdtD-containing wild-type cells grown in the presence of copper chloride
(B), suggesting that LdtD is inhibited by copper chloride.

envelope stress, the presence of an exogenous detergent, and
severe LPS transport stress.

Copper Alters the PG Composition. To test whether the presumed
inhibition of LDTs by copper alters the PG composition, we
isolated PG from wild-type BW25113 and the corresponding
strain lacking all LDTs, BW25113A6LDT, grown in the presence
or absence of 0.5x MIC of copper chloride, and determined the
muropeptide (disaccharide peptide subunit) composition. We
initially analyzed the PG of stationary cells to better detect at-
tachment of Lpp to PG, which is recognizable as LysArg-
modified muropeptides and is enriched in stationary cells (14).
Indeed, we identified the monomeric TriLysArg muropeptide in
PG isolated from stationary cells (SI Appendix, Fig. S3). When
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cells were grown in the presence of copper chloride, the relative
percentage of TriLysArg decreased by 45 + 11% (mean + SD;
n = 3) compared with cells grown without copper chloride. In-
terestingly, we noticed that muropeptides with 3-3 cross-links or
tripeptides [Tri, TriTetrai(3-3) and TetraTri(4-3)] were not
detectable in PG from cells grown in the presence of copper
chloride (SI Appendix, Fig. S4). This observation prompted us to
perform detailed analysis of PG from exponentially growing cells
(Fig. 2).

E. coli strains, including BW25113, produce a characteristic
muropeptide profile containing ~5 major and ~40 minor mur-
opeptides. The latter arise from variations in peptide length
(di- to pentapeptide), oligomeric state of cross-linked peptides
(monomer to tetramer), different types of cross-links (3-3 or 4—
3), and the presence of 1,6-anhydroMurNAc—containing mur-
opeptides. The presence of copper chloride during exponential
growth altered the muropeptide composition (Fig. 2 and S/
Appendix, Table S2), causing a drastic and specific reduction in
all muropeptides with tripeptides and 3-3 cross-links: mono-
meric disaccharide tripeptide (Tri) dropped from 7.3% (without
copper) to 0.7% (with copper), and dimeric TetraTri (4-3 cross-
link) from 4.1 to 0.5%. In addition, all muropeptides with 3-3
cross-links, such as TriTetra(3-3) disappeared (Fig. 2 and SI
Appendix, Table S2). The affected muropeptides are all gener-
ated by LDTs. Intriguingly, the muropeptide composition of
BW25113 grown in the presence of copper chloride was similar
to that of BW25113A6LDT grown with or without copper,
strongly supporting the conclusion that copper inhibited the
LDTs responsible for the formation of 3-3 cross-links in the PG.
This effect was specific for copper, as the presence of 0.5x MIC
of NiCl, or CoCl, did not reduce the portion of muropeptides
with tripeptides or 3-3 cross-links, suggesting that nickel and
cobalt ions do not inhibit LDTs in E. coli (SI Appendix, Fig. S4
and Table S3). Overall, the results of this muropeptide analysis
indicate that copper mainly targets LDTs that generate 3-3
cross-links and tripeptides (LdtD, LdtE, and LdtF).

Copper Reduces the Incorporation of a Fluorescent b-Amino Acid in
the Sidewall. PBPs and LDTs perform p-amino acid exchange
reactions and are therefore capable of incorporating fluores-
cent D-amino acids (FDAAs) into PG, which allows visualizing
PG in live bacteria (26). We used this methodology to test if
the inhibition of the LDTs by copper leads to a detectable
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Fig. 2. Copper changes the muropeptide composition of E. coli. (A) Mur-
opeptide profiles of E. coli BW25113 (wt) and BW25113A6LDT grown in the
presence of 0.5x MIC of CuCl, or without CuCl,. Main muropeptides are num-
bered. SI Appendix, Fig. S4 shows the full chromatograms with the full height of
all peaks. (B) Structures of the muropeptides numbered in A. p-Ala, p-alanine; b-
iGlu, p-isoglutamate; GM, N-acetylglucosamine-N-acetylmuramitol; L-Ala, L-ala-
nine; m-Dap, meso-diaminopimelic acid.
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change in the incorporation of the FDAA 7-hydroxycoumarin-
carbonylamino-p-alanine (HADA).

When using a published protocol for in situ labeling of E. coli
cells with HADA (27, 28), we noticed that, unexpectedly, con-
stricting cells displayed a label-free zone at midcell (ST Appendix,
Fig. S5 A, I). We reasoned that this zone of intense PG synthesis
(PBP activity) was free of labels because the incorporated
HADA is quickly removed by the cellular DD-carboxypeptidases
(DD-CPases) during harvesting and washing of cells at neutral
pH. We therefore optimized the HADA-labeling procedure (S
Appendix, Supplemental Methods and Fig. S5) by harvesting the
cells and performing the first wash at a low pH of 3.0, at which
DD-CPases are inactive (29, 30). Using this protocol, the cells
retained a strong HADA signal at midcell (SI Appendix, Fig. S5
A, 2).

Using the optimized protocol BW25113 cells showed robust
HADA labeling at the sidewall and had the expected strong
signal at the septum of constricting cells (S Appendix, Fig. S5 A,
2). The same labeling pattern was obtained with purified PG
sacculi (SI Appendix, Fig. S5 B, 2), confirming that the signal is
indeed in PG. Interestingly, in BW25113A6LDT cells the signal
at the sidewall was significantly reduced but the septa of con-
stricting cells were still labeled (SI Appendix, Fig. S5 A, 2), and
this pattern was also seen with purified sacculi (SI Appendix, Fig.
S5 B, 2). This is consistent with a scenario according to which
most of the sidewall label is incorporated by LDTs, and most of
the septal label by PBPs.

We next optimized the HADA label of cells grown in the
presence of copper, which required the removal of excessive
copper by the chelating agent triethylenetetramine dihdro-
chloride (TETA). When grown in the presence of 0.5x MIC of
CuCl,, BW25113 cells lost most of the label at the sidewall,
presumably due to inactivation of the LDTs, but septal labeling
due to the high activity of PBPs was retained (Fig. 34), resulting
in a significantly lower ratio of sidewall to midcell fluorescence
density compared with cells grown without copper (Fig. 3B). As
expected from the previous results, the presence of copper did
not change the HADA localization profile in BW25113A6LDT
and the ratio of sidewall to midcell fluorescence density was low
with or without copper (Fig. 3). These findings provide further
support for the inhibition of LDTs by copper.

Copper Inhibits LDTs from E. coli and E. faecium. To test a possible
direct inhibition by copper we purified two LDTs that were
previously shown to bypass PBPs and confer f-lactam resistance,
LdtD from E. coli (23) and Ldty,, from E. faecium (31). LdtD was
assayed with purified sacculi from BW25113A6LDT without
copper or in the presence of CuCl, (different concentrations),
followed by digestion with the muramidase cellosyl and analysis
of the muropeptide profile (Fig. 4). As expected, LdtD was highly
active in the absence of copper, causing a decrease in monomeric
Tetra from 61 to 14% (compared with the control without LdtD)
and producing a total of 48% LDT product, TriTetra (3-3). Copper
chloride inhibited LdtD in a concentration-dependent manner;
half-inhibition was reached at ~0.6 mM CuCl,, and LdtD was
virtually inactive in the presence of 3.75 mM CuCl, (Fig. 4B).

We previously showed that Ldt, slowly hydrolyzes the chro-
mogenic cephalosporin nitrocefin providing a sensitive assay
to determine inhibition of the enzyme (32). Here we show that
the hydrolytic activity of Ldts, was inhibited by CuCl, in a
concentration-dependent manner in the 20- to 100-pM range,
with nearly complete inhibition (>98%) at the highest concen-
tration tested (Fig. 4C). The ECs, value for CuCl, was estimated
to be 43 pM. Ldtg,-independent hydrolysis of nitrocefin was not
observed in the presence of CuCl, at 100 pM. Hence, copper
inhibits two key LDTs from different species at submillimolar
concentrations.
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Fig. 3. Copper reduces the incorporation of HADA into the sidewall PG. (A) Cells of BW25113 (wt) and BW25113A6LDT were grown exponentially in the
presence of 0.5x MIC CuCl, or without CuCl,, and labeled with HADA for 30 min. Cells were collected and the excess of HADA was removed (S/ Appendix, Fig.
S5 A, 4). Cells were fixed and imaged by phase-contrast microscopy and HADA was detected by fluorescence microscopy. White arrows, septal localization;
white triangles, membrane localization. (Scale bar, 2 pm.) (B) Quantification of the sidewall fluorescence label of cells grown in the presence or absence of
copper. The density of the fluorescence signals at the sidewall and midcell in BW25113 (wt) and BW25113A6LDT cells grown in the presence of 0.5x MIC CuCl,
(+) or without CuCl, () were quantified, and are shown as ratio of the sidewall over midcell signal density. The values are mean + SD of 44-57 cells.

Sub-MIC Copper Resensitizes p-Lactam-Resistant Strains by Inhibition
of LDTs. Several p-lactam-resistant strains, for example E. coli M1
and E. faecium M512, rely on LDTs to bypass the otherwise
essential PBPs, replacing the canonical 4-3 cross-links by 3-3
cross-links (18, 23, 24). If copper inhibits the LD-TPases, these
strains should be unable to express p-lactam resistance. To test
this possibility, we determined the MIC of ampicillin against M1
and M512 in the presence and absence of copper chloride
(Table 1).

The MICs to CuCl, of all E. coli strains in Mueller—-Hinton
medium and E. faecium strains in brain-heart infusion broth
were 16 mM. Consistent with earlier results (23), E. coli strain
M1 had a 16-fold higher MIC against ampicillin (128 pg/mL)
compared with the sensitive wild-type strain due to the over-
production of LdtD and an increased synthesis of the alarmone
(p)ppGpp. In the presence of 2 mM CuCl, the MIC of ampicillin
against M1 decreases to 8 pg/mL, which is the MIC of the wild-type
strain (Table 1). The MIC of E. coli BW25133 pTRC99aQblatemi s,
which is resistant to ampicillin, by production of the TEM116
p-lactamase remained high (>512 pg/mL) in the presence of copper
chloride, showing that copper specifically prevents LDT-mediated
resistance.

Similar results were obtained with E. faecium. Copper strongly
reduced B-lactam resistance in strain MS512, which relies on
LDTs, reducing the MIC from 512 to 4 pg/mL (Table 1). No
decrease in MIC was observed for the control strain D344R,
which shows moderate intrinsic ampicillin resistance due to the
production of a low-affinity PBP5g, (33, 34). Hence, copper
prevented the expression of B-lactam resistance in both strains of
E. coli and E. faecium, respectively, that rely on LDT activity to
bypass PBPs.

Discussion

Copper is an essential cofactor in many organisms, driving pro-
cesses such as respiration and photosynthesis. However, aquate
(or free) copper ions are extremely toxic even at low concen-
tration (in the micromolar range) due to their high affinity for
the active site of iron-cluster—containing metallo-enzymes (11,
12). When misloaded with copper ions, these enzymes produce
highly toxic reactive oxygen species. Hence, bacteria and other
organisms employ specific copper storage proteins and export
systems to maintain nontoxic levels of intracellular copper.
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At higher concentrations (millimolar range), copper ions can
bind to many biomolecules, for example enzymes with active site
cysteine residues, and cause protein misfolding and degradation
(35). To the best of our knowledge, the impact of copper ions on
cell envelope biogenesis has not been previously investigated.
Here we show that the LDT cell envelope enzymes are inhibited
by copper ions at a concentration that does not prevent cell
growth. Presumably, cupric (Cu®*) ions inhibit LDTs by binding
to the thiol group of the active site cysteine residue, preventing
catalysis. The inhibition of LDTs is not lethal, but results in E.
coli in a lower amount of PG-attached Braun’s lipoprotein and
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Fig. 4. Copper inhibits LdtD from E. coli and Ldts,, from E. faecium. (A) PG
sacculi from BW25113A6LDT were incubated with LdtD from E. coli. CuCl,
was added at different concentrations. Control samples contained no LdtD
or no CuCl,. The numbers of the main muropeptides correspond to the
structures shown in Fig. 2B. (B) The percentage of TetraTri(3-3) produced by
LdtD was plotted against the concentration of CuCl,. The values are mean +
variation of two independent experiments. (C) E. faecium Ldts, was in-
cubated with nitrocefin (50 uM) in the presence of CuCl, at a different
concentration.
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Table 1. Effect of copper on the MIC of ampicillin (ng/mL) against E. coli and E. faecium strains
E. coli BW25113* E. faecium*
pTRC99aQ b/aTEM116

Cudl; (mM) WT (none) M1 (LDT) (B-Lactamase) M512 (LDT) D344R (PBP5)
0 8 128 >512 512 32
0.25 8 64 >512 512 32
0.5 8 64 >512 512 32

1 16 8 >512 512 32

2 8 8 >512 4 32

4 16 16 >512 8 64

8 32 32 >512 8 512

The values are medians of five independent experiments.

*The resistance mechanism of strains is in parenthesis.

abolishes 3-3 cross-link formation, reducing the robustness of
cells against extracellular detergent (SDS) and LPS export de-
fects. Interestingly, the inhibition of 3-3 cross-link formation also
prevents the LDT-mediated PBP bypass mechanism for f-lactam
resistance in both E. coli and E. faecium, illustrating how the
targeting of nonessential enzymes can dramatically alter the
physiology of a bacterial cell, and how sub-MIC copper ion levels
can resensitize resistant strains to f-lactam antibiotics. It is
known that copper ions can chemically degrade p-lactams in
microbiological growth media (36, 37), which likely explains the
increase in MIC values to ampicillin at the higher copper con-
centrations (Table 1).

Remarkably, copper ions were recently reported to inhibit the
metallo-p-lactamase NDM-1 in E. coli MS6192, resulting in a
significant increase in susceptibility to ertapenem and mer-
openem (38). In addition to the inhibition of LDTs, copper ions
likely target other periplasmic enzymes with cysteine residues. In
the presence of molecular oxygen, copper can also cause damage
to the cell membrane through lipid peroxidation (9, 10). Hence,
copper weakens the bacterial cell envelope in multiple ways,
which might all contribute to the intrinsic, highly efficient anti-
bacterial properties of copper surfaces and agents. The clinical
perspectives of our findings are not clear at this time and it re-
mains to be determined if and how copper ions affect pathogens
with a high percentage of 3-3 cross-links in their cell wall, such as
C. difficile and Mycobacterium tuberculosis (39-42). The latter
species has five LDTs, of which one, Ldty,, is required for
virulence (43).

In summary, our study revealed that copper ions affect bac-
terial cell envelope biogenesis and stability and identified LDTs
as targets of copper ions. The physiological consequence of this
inhibition is the inability of E. coli and E. faecium strains to
utilize LDTs in a bypass mechanism to achieve p-lactam re-
sistance.

Materials and Methods

Bacterial Strains and Growth Conditions. Strains used in this study are listed in
SI Appendix, Table S1. Bacteria were grown on TSB plates or in liquid TSB or
LD medium (LB-Lennox medium: 10 g/L tryptone, 5 g/L yeast extract, 5 g/L
NaCl; Difco) at 37 °C.

Spot Plate Assay. For each strain, 5 mL liquid TSB media were inoculated with
a single colony and incubated overnight at 37 °C. The ODs;g of the cultures
was measured and the cultures were diluted to obtain the same ODs;5. A 10-
fold serial dilution series was prepared using a sterile 96-well microtiter plate
(Greiner Bio-One) and multichannel pipettes. The serial dilution was spotted
on TSB plates with or without 0.25 or 0.5x MIC of CuCl, (1.88 or 3.75 mM)
and with or without 2% SDS using a replica plater (Sigma Aldrich). The
plates were incubated at 37 °C. Pictures were taken after 24 and 48 h with
the InGenius Syngene Bio Imaging system.
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Antibiotic Susceptibility Testing. MICs of ampicillin were determined by the
microdilution method according to the Clinical and Laboratory Standards
Institute recommendations (31), except that cation-adjusted Mueller-Hinton
medium was replaced by brain-heart infusion broth for E. faecium strains.

PG Isolation and Analysis. PG was isolated from E. coli strains and analyzed by
HPLC, as previously described (44). The muropeptide fraction of TriLysArg
was collected and analyzed at the Newcastle University Pinnacle facility, as
described previously (45). S/ Appendix, Supplemental Methods contains the
details of these methods.

Optimized Protocol for the Incorporation of FDAA (HADA Labeling). The opti-
mization of in situ labeling of PG with HADA is described in the S/ Appendix.
Strains were streaked on TSB plates. Single colonies were used to inoculate
25 mL of TSB media and were incubated overnight at 30 °C. Overnight
cultures were diluted to an ODs7g of 0.1 in TSB media with or without 0.5x
MIC of CuCl, (3.75 mM) and grown at 37 °C until an ODs;g of 0.4 was
reached. Cells were diluted to an ODs75 of 0.1 in a final volume of 500 pL.
The cells were incubated with 250 uM of the fluorescent derivative of p-Ala
(HADA) for 30 min at 37 °C. The samples were put on ice, and copper ions
and the excess of HADA were removed by short (2 min) centrifugation steps
at 16,200 x g at 4 °C. The samples were washed with 1.5 mL of 7.5 mM
TETA, pH of 3.0 and twice with 1x PBS (1.7 mM KH;PO,4, 5 mM Na,HPOy,,
150 mM NaCl, pH 7.4) on ice. The initial wash at pH 3.0 and the rapid
processing of samples on ice prevented potential removal of HADA by DD-
carboxypeptidases and reactivation of LD-TPases for further HADA in-
corporation. The cells were either fixed for immediate cell imaging or
processed to purify the PG sacculi.

Cell Fixation. The final cell pellets were resuspended in 12.5 uL 1x PBS and
12.5 pL of 3% paraformaldehyde (diluted in 1x PBS) were added for cell
fixation. A sample of 3 puL was pipetted on a 1% agarose slide and analyzed
by microscopy.

Fast Sacculi Purification for Validation. The final cell pellets were resuspended
in 500 pL H,O and 500 puL of 8% SDS were added. After boiling the samples
for 30 min at 100 °C, the cells were centrifuged for 30 min at 16,200 x g. The
cells were washed twice by removing the supernatant, resuspension in
1.5 mL H,O and centrifugation at 16,200 x g for 30 min. Samples were
resuspended in 20 pL H,O. A 5-uL sample was pipetted on a polylysine-
coated glass slide and analyzed by microscopy.

Microscopic Imaging. Labeled cell samples and isolated sacculi were analyzed
using a Nikon Eclipse Ti microscope (Nikon Plan Fluor x 100/1.30 Oil Ph3 DLL
objective) equipped with a photometrics/Cool SNAP HQ? CCD camera using
the phase contrast and DAPI channel (filter set: Chroma 49000, excitation at
350/50 nm, emission 460/50 nm). Exposure times were 100 ms for phase
contrast and 1 s for fluorescence images. Image) was used to crop the im-
ages to prepare figures and MetaMorph (v7) was used to quantify the
fluorescence signals from 55 (BW25113), 57 (BW25113 with CuCly), 44
(BW25113A6LDT), or 50 (BW25113A6LDT with CuCl,) cells. All analyzed cells
were from at least two independent experiments and showed a clear HADA
labeling at the septum. The fluorescence intensity per unit of area at septal
and sidewall positions were quantified, the background subtracted, and the
ratio of the sidewall over the midcell signal density was calculated. The
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values are given as mean =+ SD; the Student’s t-test was used to determine
the significance of the results.

LdtD Activity Assay. E. coli LdtD was purified as a soluble protein without the
putative membrane anchor using an established and published procedure
(23). The purified LdtD protein (2 pM) was incubated with 15 pL of PG sacculi
(~38 pg) from E. coli A6LDT strain in absence and presence of different
concentrations of CuCl, (0.058, 0.23, 0.94, 1.9, 3.75 mM). The reactions were
performed overnight in a Thermomixer at 37 °C and 700 rpm in a total
volume of 50 uL and buffered at pH 7.5 (25 mM Tris, 10 mM MgCl,, and 0.1%
Triton X-100). The enzyme was inactivated by boiling for 10 min at 100 °C.
The samples were digested with cellosyl at 37 °C and 700 rpm overnight,
followed by heat inactivation for 10 min at 100 °C. After a centrifugation
step for 15 min at 17,000 x g, the muropeptides present in the supernatant
were reduced with sodium borohydride and separated by HPLC according to
a previously published procedure (14). The muropeptide profiles were
quantified using the Laura software (Lab Logic Systems).
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Inhibition Assay of Ldt,. The catalytic domain of E. faecium Ldts,, was pro-
duced and purified as previously described except that the final size-
exclusion chromatography step was performed in ammonium acetate
(50 mM; pH 6.4) (32). Ldts,, (10 pM) was incubated with nitrocefin (50 pM)
and various concentrations of CuCl, (0-100 pM) in ammonium acetate
(50 mM; pH 6.4). The absorbance at 486 nm was monitored to determine
nitrocefin hydrolyzed by Ldt¢m (Ae = 15,200 M~' cm™).
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