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Peptidoglycan and almost all surface glycopolymersin bacteria are builtin the
cytoplasmon thelipid carrier undecaprenyl phosphate (UndP)'*. These UndP-linked
precursors are transported across the membrane and polymerized or directly
transferred to surface polymers, lipids or proteins. UndP is then flipped to regenerate

the pool of cytoplasmic-facing UndP. The identity of the flippase that catalyses
transport has remained unknown. Here, using the antibioticamphomycin that targets
UndP*”, weidentified two broadly conserved protein families that affect UndP
recycling. One (UptA) is amember of the DedA superfamily®; the other (PopT) contains
the domain DUF368. Genetic, cytological and syntenic analyses indicate that these
proteins are UndP transporters. Notably, homologues from Gram-positive and
Gram-negative bacteria promote UndP transport in Bacillus subtilis, indicating that
recycling activity is broadly conserved among family members. Inhibitors of these
flippases could potentiate the activity of antibiotics targeting the cell envelope.

Polyprenyl phosphates are universal carriers of sugars and glyco-
polymers across membranes in all domains of life *. In bacteria, the
55-carbonisoprenoid UndP (also known as C55-P) is used to transport
most glycopolymers across the cytoplasmic membrane including pep-
tidoglycan precursors, O-antigens of lipopolysaccharide, teichoicacids
and capsular polysaccharides. UndP also ferries sugars and oligosac-
charides across the membrane that are used to glycosylate lipid A of
lipopolysaccharide, teichoic acids and surface proteins (Extended Data
Fig.1).In eukaryotes and archaea, the polyprenyl phosphate dolichol
phosphate (DolP) transports oligosaccharides across the membranes
ofthe endoplasmicreticulumand the archaeal cytoplasmic membrane,
respectively?. These DolP-linked sugars are then used to decorate
membrane-anchored and secreted proteins. In all cases, the lipid
carrier must berecycled through transportacross the membrane. The
flippases that catalyse polyprenyl-phosphate transport are among the
last unknown enzymes in these pathways.

Bacterial cell wall biogenesis, the target of some of the most effective
antibiotics, exemplifies these glycopolymer synthesis pathways’ (Fig.1).
A series of cytoplasmic enzymatic steps generate the peptidoglycan
precursor lipidIl, a disaccharide pentapeptide linked toundecaprenyl
pyrophosphate (UndPP). Lipid Ilis then flipped to the outer leaflet of
the cytoplasmic membrane where the muropeptideis polymerized and
crosslinked into the cell wallmeshwork. The UndPP productis dephos-
phorylated and the resulting UndPis flipped to theinner leaflet to com-
plete thelipid Il cycle (Fig.1). During exponential growth, abacterium
contains about 10° UndP molecules that are thought to ferry a similar
number of peptidoglycan precursors across the cytoplasmic membrane
every minute, suggesting thateachlipid carrier is reused multiple times
per cell cycle for peptidoglycan synthesis alone'®™. De novo synthesis
of UndP maintains the pool size during growth whereas recyclingis the
primary source for surface polymer biogenesis. Here we define two
broadly conserved families of flippases that catalyse UndP transportin
bacteriaand could functiontorecycle DolPineukaryotes and archaea.

Identification of UndP transporters

To screen for potential UndP flippases, we took advantage of the
antibioticamphomycin and its derivative MX2401 (refs. >7) that bind
the phosphate on UndP. As these cyclic lipopeptides are unlikely to
cross the membrane, they are thought to bind outward-facing UndP
preventingits recycling and thus inhibit peptidoglycan synthesis. We
reasoned that overexpression of an UndP transporter would provide
resistance to these antibiotics. We generated a B. subtilis transposon
library witha strong outward-facing promoter? and plated the library
onlysogeny broth agar supplemented with MX2401 at concentrations
above the minimum inhibitory concentration (MIC). The colonies were
pooled and the transposon insertion sites were mapped by trans-
posonsequencing (Tn-seq). Transposoninsertions were significantly
overrepresented at a single region of the genome, and in all cases
the outward-facing promoter faced the uncharacterized gene yngC
(Fig. 2a). Overexpression of yngCin B. subtilis increased the MIC of
MX2401 by >16-fold (Fig. 2b), validating our findings. Furthermore,
deletion of yngCreduced the MIC fourfold (Fig.2b). These datasuggest
that YngC functionsin UndP transport.

YngCisamember of the DedA superfamily, abroadly conserved but
poorly understood family of membrane proteins found in alldomains
of life®, The AlphaFold-predicted structure of YngC resembles the struc-
ture of membrane transporters with membrane re-entrant loops on
either side of the lipid bilayer® (Extended Data Fig. 2a). A conserved
pair of arginines in one of these loops is required for MX2401 resist-
ance (Extended Data Fig. 2b and Supplementary Fig. 2a) and could
functionin phosphate binding. Notably, one of the promoters of yngC
is regulated by the extracytoplasmic function sigma factor o™ (ref. *;
Extended Data Fig. 2e-g). This transcription factor is induced under
conditions that trap UndP-linked intermediates and reduce the cellular
poolsofthelipid carrier®. Consistent with arole for o™ in regenerating
this pool, asigM mutant or a deletion of the o™-bindingsite in the yngC
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Fig.1|UptA and PopT complete thelipid Il cycle. Schematic of the lipid I
cyclein peptidoglycan synthesis highlighting the role of UptA and PopT in
recyclingUndP.

promoter sensitized B. subtilis to MX2401 (Extended Data Fig. 2h).
Notably, reducing de novo synthesis of UndP sensitized B. subtilis to
loss of yngC (Extended Data Fig. 3a,b), providing further support for
theideathat YngCrecycles the lipid carrier.

B.subtilisencodes five additional DedA paralogues. Individual dele-
tionsin these genes did not affect the MIC of MX2401 (Extended Data
Fig. 3c). A deletion of one of the paralogues, ykoX, modestly reduced
the MIC of the AyngC mutant, and a strain lacking all six paralogues
phenocopied the AyngCAykoX double mutant (Fig. 2b). Thus, YngC
is likely to be the principal B. subtilis DedA family member involved
in UndP recycling. We note that overexpression of YkoX in the AyngC
mutant provided someresistance to MX2401 (Fig. 2f and Extended Data
Fig.3d). These dataraise the possibility that YkoX transports adistinct
anionic lipid but can act on UndP when overexpressed.

Tn-seq screens in Staphylococcus aureus to profile the phenotypic
responsiveness to 32 antibiotics identified transposon insertions
upstream of two genes (SAOUHSC_02816 and 00846) when the trans-
posonlibrarywas challenged withsub-inhibitory doses of amphomycin®
(Extended Data Fig. 4a). 02816 encodes a DedA family member, and
00846 encodes a protein with adomain of unknown function, DUF368.
We validated these uncharacterized hits and found that overexpression
of either proteinin S. aureus increased the MIC of MX2401 (Fig. 2c).
Deletion of 02816 did notimpact the MIC of MX2401whereas deletion of
00846 reducedit by fourfold (Fig. 2c). Strikingly, the MIC of the double
mutant was about 256-fold lower than that of the wild type (Fig. 2c).
Furthermore, the double mutant was growth-impaired and exhibited
cell size variability, and 10% of the cells had membrane permeability
defects, consistent with impaired envelope assembly (Fig. 2d,e and
Extended Data Fig. 4b,c). Overexpression of either S. aureus gene in
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Fig.2|DedA and DUF368 family members provideresistance to UndP-
targeting antibiotics.a, A Tn-seq screen for MX2401-resistance mutants
identifies yngC. The transposoninsertion profile at theindicated B. subtilis
genomicregionisshown. Eachvertical lineindicates atransposoninsertion
site;its height reflects the number of sequencing reads at this position.
Alltransposonsin thisregion wereinserted with the outward-facing promoter
facingyngCasindicated in the schematic. Mostinsertion sites had >20,000
reads, but the window size was scaled to 5,000 to highlight the absence of
readsintheneighbouring genes. b, MIC assay of the indicated B. subtilis
strains. A6 lacks all DedA paralogues. WT, wild type; IPTG, isopropyl-B-
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D-thiogalactopyranoside.c, MICassay of the indicated S. aureus strains.

d, Spot-dilution assays of the indicated S. aureus strains on tryptic soy broth
agar with or without 100 ng ml™anhydrotetracycline (aTc). A3 lacks 02816,
00846 and 00901. e, Representative images of wild-type and 400846402816
(42) S. aureus cells. Overlays of phase-contrast and propidiumiodide
fluorescenceimages are shown. Scalebars,1 pm. f, MIC assays of the

indicated B. subtilis strains overexpressing DedA and DUF368 family members
from B.subtilisand S. aureus. g, Spot dilutions of theindicated S. aureus
strains harbouring an empty vector (EV) oravector withanisopropyl--
D-thiogalactopyranoside-regulated promoter fused to uppS or murA.
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Fig.3|Geneneighbourhood analyses for DedA and DUF368 family members.
a,b, Representative genomic neighbourhood diagrams highlight the synteny or
fusion of adedA genewithagene encodingaPAP2lipid phosphatase (a) and the
synteny of duf368with genesinvolved in archaeal N-linked protein glycosylation
pathways (b). About1.3% of all dedA genes are fused to pap2 genes. The gene
encoding the oligosaccharyltransferase AgIBisshowninblue,and other genes
intheglycosylation pathway are highlighted by black borders. Thirty-seven per
centof duf368genesare presentin gene clusters encoding protein glycosylation
pathways. kb, kilobases.

B.subtilislackingyngCandykoXprovided resistance to MX2401 (Fig. 2f).
As B. subtilis lacks a DUF368 homologue, these data suggest that the
S.aureus DUF368 protein functions asan UndP transporter rather than
aregulator or co-factor. DUF368is a polytopic membrane protein that
iswidely conserved in bacteria and archaea (Supplementary Fig. 3).
The AlphaFold-predicted structure of S. aureus DUF368 resembles the
structure of canonical membrane transporters with twofold inverted
symmetry and membrane re-entrant loops on either side of the lipid
bilayer™" (Extended Data Fig. 2d and Supplementary Fig. 2b). The
predicted gap between transmembrane helices 4 and 11 could allow
the polyprenyltail toremaininthelipid bilayer during transport of the
phosphate headgroup, akin to the membrane-spanning groove in the
eukaryotic TMEM16 and GPCR families'®" that transport lipids through
the credit card mechanism?. On the basis of the findings presented thus
far and those below, we have renamed the DedA superfamily members
encoded by yngCand 02816 as UptA (for UndP transporter A) and the
DUF368 proteins as PopT (polyprenyl-phosphate transporter).

S. aureus encodes a second DedA paralogue (SAOUHSC 00901) that
was not identified in the Tn-seq screen described above. Overexpres-
sion of this gene inthe B. subtilis AuptAAykoX double mutant increased
resistance to MX2401 by fourfold (Fig. 2f), suggesting that 00901 is
also capable of UndP transport. Notably, the S. aureus triple mutant
lacking uptA, popT and 00901 was not viable (Fig. 2d), consistent with
therequirement for UndP recyclingin cell wall biogenesis. Furthermore,
overexpression of UppS, responsible for de novo synthesis of UndP but

not MurA that catalyses the first committed step in peptidoglycan pre-
cursor synthesis, largely suppressed the growth defect of the S. aureus
AuptAApopT double mutant and restored viability to the triple mutant
(Fig. 2g and Extended Data Fig. 4d), providing further support for the
idea that these factors recycle UndP. Finally, we determined the MICs
of12 antibiotics that target different steps in cell wall synthesis or other
essential processesin wild-type B. subtilisand S. aureus and their respec-
tive mutants. Virtually all of the MICs in a B. subtilis AuptA mutant were
indistinguishable from that of the wild type, and most MICs were 1-2-fold
lowerinthesS. aureus AuptAApopT double mutant compared to thatof the
wild type (Supplementary Table1). The only exception was tunicamycin,
which competes with inward-facing UndP for binding to MraY?.. The
S.aureus double mutant was highly susceptible to this drug, consistent
with reduced levels of inward-facing UndP due to an accumulation of
outward-facing UndPinthe mutant. Collectively, these assays argue that
the functions of UptA and PopT are specific to UndP recycling.

Syntenic analyses of uptA and popT

Gene neighbourhood analysis® provides further support for arole
of these two protein families in UndP transport. In a subset of bac-
terial genomes, genes encoding a DedA superfamily member and a
lipid phosphatase of the PAP2 family? are adjacent to each other; in
others the two genes are fused (Fig. 3a and Extended Data Fig. 5a-c).
Some PAP2 homologues, such as B. subtilis BcrC and Escherichia coli
PgpB, are UndPP phosphatases that convert surface-exposed UndPP to
UndP before their transport to the cytoplasmic face of the membrane®.
Similarly, in other bacterial genomes a gene encoding a DedA family
member is present adjacent to uppP that encodes a second family of
UndPP phosphatases® (Extended DataFig. 5d,e). Accordingly, if these
DedA paralogues transport UndP, then the adjacent or fused genes
would encode enzymes that catalyse sequential steps in the lipid Il
cycle (Fig.1). Analysis of all the dedA genes from two species in which
one of the paralogues resides adjacent to a pap2 or uppP gene is con-
sistent with this model (Extended Data Fig. 5f,g). In the case of PopT,
most archaeal genomes contain a cluster of genes required for surface
protein glycosylation®. A DUF368-containing gene is also present in
many archaeal genomes, and 37% of the time it is found in these clusters,
oftenadjacenttoan oligosaccharyltransferase of the aglB family (Fig.3b
and Extended Data Fig. 6a-c). The transfer of the lipid-linked oligosac-
charide onto a surface protein by AgIB liberates DolP that could then
be recycled by the PopT homologue. Finally, Gram-positive bacteria
encode enzymes involved in glycosylating surface polymers, and a
DedA superfamily member is sometimes encoded in an operon with
these enzymes. B. subtilis provides a prototypical example (Extended
DataFig. 6d). In this bacterium, a transcription factor controls the
expression of two operons that are thought to be involved inglycosyla-
tion of lipoteichoic acids?. Four of the genes in these operons encode
the full set of enzymes required to glycosylate this surface polymer.
Thefifth encodes UptA, which would complete the cycle in this sugar
modification pathway (Extended DataFig. 6e). Thus, gene neighbour-
hood analysis suggests that UptA and PopT family members are broadly
conserved polyprenyl-phosphate transporters.

UptA and PopT reduce surface-exposed UndP

Todirectly testwhether UptAandPopT familymembersfunctioninUndP
recycling, we conjugated a fluorescent dye to MX2401 (MX2401-FL)
and used it to visualize UndP. Control experiments established that
membrane labelling with MX2401-FL correlates with UndP levels
(Extended Data Fig. 7a) and that the fluorescent probe cannot
traverse the membrane and therefore reports on outward-facing
UndP (Extended Data Fig. 7b). Wild-type B. subtilis cells expressing
cytoplasmic blue fluorescent protein and the AuptAAykoX double
mutant expressing mCherry were mixed, labelled with MX2401-FL
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Fig.4|UptA and PopT arebroadly conserved UndP transporters.

a, Representative images of theindicated B. subtilis or S. aureus strains.
Twostrains expressing different fluorescent proteins (B. subtilis) or labelled
withdifferent fluorescent D-amino acids (S. aureus) were mixed and then
stained with fluorescent MX2401(MX2401-FL). Left, overlays of phase-contrast
andfluorescenceimagesinthered and blue channels to distinguish the two

and visualized by fluorescence microscopy. Wild-type cells had afaint
MX2401-FL signal along the cytoplasmic membrane whereas cells lack-
ing the two DedA paralogues had an approximately twofold higher level
of membrane fluorescence (Fig.4a and Extended DataFigs.7cand 8a,b).
Notably, the MX2401-FL signal in the B. subtilis double mutant was
markedly reduced when BsUptA, SaUptA or SaPopT was overexpressed
(Fig. 4a and Extended Data Fig. 7c). In an analogous experiment, we
labelled wild-type S. aureus and the AuptAApopT double mutant with
spectrally distinct fluorescent b-amino acids®® and then mixed the two
cultures and stained them with MX2401-FL. The double mutant had
strong MX2401-FL fluorescence whereas the signal was barely detect-
ableinthewild type (Fig. 4aand Extended Data Fig. 7c). Similar results
were obtained when MX2401 was labelled with three other fluorescent
dyesincluding Alex Fluor 488, which prevents membrane permeation
of its conjugates® ! (Extended Data Fig. 9a—c).

E. coli encodes eight DedA superfamily members®. The mutants
have pleiotropic phenotypes that include defects in cell division,
morphology, alkaline tolerance, membrane potential and antibi-
otic resistance®**3*, The proteins have been proposed to function
as proton-dependent transporters that help maintain the proton
motive force®*, We note that the proton motive force was intactin
the B. subtilis AuptAAykoX and S. aureus AuptAApopT double mutants
(Extended DataFig.10). To investigate whether any of the E. coli DedA
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paralogues catalyse UndP transport, we expressed each in B. subtilis
and tested for MX2401resistance. Although several increased the MIC
of MX2401 of the B. subtilis AuptAAykoX mutant by about 2-4-fold,
only one conferred high-level resistance (Fig. 4b and Extended Data
Fig. 9d). This DedA paralogue (DedA) is the founding member of the
superfamily and is most similar to BsUptA and SaUptA (Supplementary
Fig. 2a and Supplementary Table 2a). We extended this cross-species
complementation analysis to a diverse collection of UptA and PopT
homologues. The DedA superfamily members tested were chosen
on the basis of their similarity to the validated UptA family members.
In addition to SaUptA and EcUptA, homologues from Acinetobacter
baumannii, Pseudomonas aeruginosa and Bacillus cereus conferred
MX2401 resistance to the B. subtilis double mutant (Fig. 4b). Similarly,
expression of PopT homologues from B. cereus, Streptococcus pneu-
moniae, Vibrio cholerae, Borrelia burgdorferi and Corynebacterium
glutamicumincreased the MIC of MX2401 (Fig. 4c). Notably, all five of
the proteins tested also reduced the level of surface-exposed UndP as
assayed by MX2401-FL (Extended Data Fig. 8c,d).

Conclusions

We conclude that UptA and PopT family members catalyse the transport
of UndP, thefinal stepinvirtually all cellenvelope biogenesis and surface



modification pathways in both Gram-positive and Gram-negative
bacteria. Their discovery completes the parts list for many of these
intensively studied pathways and represents a new set of targets to
potentiate the current arsenal of antibiotics.

The mechanisms of UndP transport by UptA and PopT are unknown
at present. Recentinvitro reconstitution experiments of two eukary-
otic DedA superfamily members, TMEM41B and VMPI (ref. ), were
found to redistribute fluorescently labelled phospholipids with
diverse headgroups from the luminal to the exposed face of prote-
oliposomes. Lipid transport was energy independent, suggesting
that these transporters function as lipid scramblases. Our work has
uncovered arole for UptA and PopTinretrograde transport of UndP,
but we cannot exclude a model in which UptA or PopT act as scram-
blases. If our conclusions are correct, the transfer of sugars onto the
lipid carrier on the cytoplasmic face of the membrane would resultin
concentration-driven retrograde transport. Future work will focus on
characterizing the mechanism of UndP transport of UptA and PopT
invitro. Notably, depletion of either TMEM41B or VMP1 in tissue cul-
ture cells led to defectsin the sorting of cholesterol, phosphatidylser-
ine and phosphatidylcholine, suggesting that these proteins function
in lipid transport in vivo**¥. The analysis of UptA family members
presented here strengthens this conclusion and suggests that other
bacterial DedA superfamily members functioninlipid transport. On
the basis of our analysis of the B. subtilis DedA paralogues, we reason
thatin vivo these transporters have more narrow substrate specificity
and act on distinct lipids. Furthermore, it is tempting to speculate
that aDedA superfamily member recycles DolP in eukaryotes whereas
PopT homologues transport DolP in archaea.

Other than an increase in surface-exposed UndP, the B. subtilis
AuptAAykoX double mutant had no discernible growth or morpho-
logical defects whereas the S. aureus AuptAApopT double mutant was
growth-impaired and the triple mutant was inviable. These data raise
the possibility that B. subtilis encodes a third family of UndP transport-
ersor that UndP flipping can occur spontaneously albeit inefficiently.
We favour the latter model because a screen using atransposon with an
even stronger outward-facing promoter did notidentify additional hits
when the B. subtilis AuptAAykoX double mutant was challenged with
MX2401. Furthermore, no genes were identified as synthetic lethal with
the single or double B. subtilis mutants. UppP has been proposed to
function as both an UndPP phosphatase and an UndP transporter>>$,
but overexpression or deletion of uppP or bcrCin B. subtilis had no
impact on the MIC of MX2401 (Extended Data Fig. 9e) and neither
gene was identified as a hitin our Tn-seq screen nor the one carried
outinS. aureus (Extended Data Fig. 4a). These observations lead us
to suggest that UndP can spontaneously flip-flop in the cytoplasmic
membrane and that the extent of protonation of the phosphate head-
group influences efficiency. Transmembrane pH gradients have been
shown to cause asymmetric distribution of phosphatidic acid within
artificial bilayers®, and the pH gradient maintained by the proton
motive force could similarly lead to anasymmetry of UndP. This model
could also explain why the Apop TAuptA synthetic lethality observedin
V.choleraewas suppressed inacidic conditions*°. However, at this stage
we cannot rule the possibility that additional families of transporters
contribute to UndP recycling and will continue screening for these
factorsinthe future.

Although not essential, the DedA superfamily member that is most
similar to £. coliDedA (EcUptA) in Neisseria meningitidis, Klebsiella pneu-
moniae and Burkholderia thailandensis (Supplementary Table 2b) is
required forintrinsicresistance to the last-resortantibiotic colistin®*42,
Loss-of-function mutations in the associated genes in these Gram-
negative pathogens confer colistin sensitivity, and in some cases it
has been shown that expression of EcUptA can reverse this sensiti-
vity, implicating UndP transport. Colistin resistance is mediated by
aminoarabinose modification tolipid A of lipopolysaccharide, which
reducesits affinity for polycationic antibiotics*. The aminoarabinose

modification is built on UndP in the cytoplasm, flipped to the peri-
plasmandthentransferredto lipid A. Alterationsin these DedA super-
family members result in low levels of aminoarabinose-modified
lipid A%, and we reason that the reduction in UndP recycling in these
mutants accounts for the decreased modification. UptA homologues
in K. pneumoniae and A. baumannii are also required for resistance
to complement-mediated killing and K. pneumoniae UptA is addi-
tionally required for neutrophil evasion in a mouse model for lung
colonization**¢, Long O-antigen chains and a thick capsule, both
glycopolymers that are built on UndP, are primary defence mecha-
nisms of these pathogens. Thus, small molecules that target UptA and
PopT transporters could potentiate both last-resort antibiotics and
host-defence-mediated killing.
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Methods

General methods

All B. subtilis strains were derived from the prototrophic strain PY79
(ref.*”). All B. subtilis experiments were carried out at 37 °C with aera-
tion in lysogeny broth (LB). Antibiotic concentrations used were:
100 pg ml™spectinomycin, 10 pg mi” kanamycin, 5 pug ml™” chloram-
phenicol, 10 pg ml tetracycline, 1 pg ml™ erythromycin and 25 pg mil™*
lincomycin (MLS). Isopropyl-B-D-thiogalactopyranoside (IPTG)
was used at a concentration of 500 pM unless indicated otherwise.
All experiments with MX2401 or amphomycin used medium sup-
plemented with 25 pg ml™ CaCl,. All B. subtilis strains were generated
using the one-step competence method unless indicated otherwise.
AllS. aureus strains were derived from RN4220. Cells were grown at
37 °C with aeration in tryptic soy broth. Antibiotic concentrations
used were: 7.5 pg ml” erythromycin, 50 pg ml™ kanamycin, 450 pg mil™
spectinomycin, 5 pug ml™ chloramphenicol. Anhydrotetracycline was
used at a concentration of 100 ng ml™ unless indicated otherwise.
Transductions were carried out using phage 80a. All strains, plasmids,
oligonucleotides and synthetic DNA used in this study can be found
in Supplementary Tables 3-6.

Statistics and reproducibility

All MIC experiments were carried out in at least biological triplicate
and representative images are shown. All microscopy analyses were
carried out in at least biological duplicate with many fields of view
analysed and representative images are shown. Spot assays and streak
analysis were carried outin at least biological triplicate. Western blot-
ting was carried outinbiological duplicate. Attempts at replication for
all experiments were successful.

Transposon mutagenesis and suppressor isolation

Transposon libraries were generated as described previously™;
libraries were generated using pIR242, an E. coli-B. subtilis shuttle
vector containing a temperature-sensitive replicon for B. subtilis,
the mariner-Himarl transposase, and a spectinomycin resistance
cassette followed by a strong outward-facing promoter (Ppen) and
flanked by inverted repeats recognized by the transposase. The
pIR242 plasmid was separately transformed into BIR769 or BIR672
and plated on LB agar supplemented with MLS and incubated at
30 °C. Transformants were inoculated into LB supplemented with
spectinomycin and grown with aeration at 22 °C for 24 h. Cultures
were pooled and frozen with 15% glycerol. Aliquots of the frozen
stocks were thawed and plated onto LB agar supplemented with
spectinomycin, CaCl,and 2.5 pg mlI™ MX2401 (BIR769) or 0.3 pg ml™
MX2401 (BIR672). Plates were incubated at 42 °C overnight to select
for transposon-mutagenized cells that had lost the plasmid and
acquired resistance to MX2401.

Mapping transposon insertion sites

Sequencing and mapping of the transposon insertion sites was car-
ried outas described previously’>*S, Inbrief, transposon-mutagenized
colonies that grew on LB agar supplemented with MX2401 were
pooled, and genomic DNA was extracted. DNA was digested with
Mmel and ligated to adaptors. Transposon-chromosome junctions
were amplified by PCR, and the products were size selected using a
2% agarose gel. The [llumina MiSeq platform was used to sequence
thelibrary. Sequencing reads were mapped to the B. subtilis 168 chro-
mosome (NCBINC_00964.3) using Bowtie 1.0.0. All next-generation
sequencing datasets generated in this work have been deposited
to the NCBI Sequence Read Archive within project PRJNA898639
(SAMN31619234 and SAMN31619233). Reanalysis of Tn-seq data from
an earlier study' was carried out as described in the methods of
that publication using sequences previously deposited on the NCBI
Sequence Read Archive (SRX3390726).

MIC assays

Exponentially growing cultures of B. subtilis or S. aureus were
back-diluted 1:1,000 into 96-well microtitre plates containing the indi-
cated concentrations of antibiotic and inducers. Plates were sealed
with breathable membranes and the cultures were grown with orbital
shaking at 37 °C overnight. Plates were photographed after the over-
night (about 16 h) incubation.

Spot-dilution assays

Late-log cultures were normalized to optical density at 600 nm
(ODgoonm) =1, and tenfold serial dilutions were generated. A 5 pl
volume of each dilution was spotted onto LB agar supplemented with
or without IPTG or onto tryptic soy broth agar supplemented with or
without anhydrotetracycline, IPTG or 3 pg ml™ fosfomycin. Plates were
incubated at 37 °C overnight and photographed the next day.

Genomic neighbourhood analysis

The Enzyme Similarity Tool (EFI-EST v2.0) from the Enzyme Function
Initiative® (available at https://efi.igb.illinois.edu/efi-est/) was used
to generate sequence similarity networks for the DedA and DUF368
protein families from the pfam entries SNARE_assoc (PF09335)
and DUF368 (PF04018), respectively. Owing to the large size of the
SNARE_assoc family, the UniRef90 database was used. The sequence
similarity networks were then used as inputs for carrying out genomic
neighbourhood analysis using the Enzyme Function Initiative Genome
Neighborhood Tool? (EFI-GNT v1.0) available at https://efi.igb.illinois.
edu//efi-gnt/index.php. Alignment score cutoffs of 35% were used for
bothanalyses. Gene neighbourhood diagrams were generated to visu-
alize the 10 nearest genes surrounding all dedA and duf368 members.
A sequence similarity network was also generated for the subset of
DUF368 membersinarchaea, this dataset was used asaninput for carry-
ing out gene neighbourhood analysis and the resulting gene neighbour-
hood networks were uploaded and visualized in Cytoscape. Cytoscape
3.8.2was used to examine and quantify the genes most found within a
10-gene window of duf368.

MX2401-FL

MX2401 has a single primary amine’, and drug optimization efforts
have found that it can be modified without loss of potency. MX2401
was labelled at this position with three dyes reported tobe membrane
impermeable, CF488A, CF405M and CF594, using the Mix-n-Stain
CF Dye Small Ligand Labeling Kit (Biotium, numbers 92350, 92362
and 92352) following the manufacturer’s instructions. In brief, 10 pl
(0.1 umol) of MX2401 dissolved in dimethylsulfoxide (DMSO) was
mixed with 2 pl of reaction buffer. The mixtures were added to indi-
vidual dyes and briefly vortexed. The reactions were incubated for
30 minin the dark at room temperature. A 2 pl volume of quenching
buffer was added to the reactions, briefly vortexed and incubated for
5 minin the dark. DMSO was added to a final volume of 100 pl gen-
erating 1 mM solutions of MX2401-CF488A, MX2401-CF405M and
MX2401-CF594.MX2401was labelled with Alex Fluor 488 using Alexa
Fluor 488 TFP ester kit (ThermoFisher catalogue number A37570) fol-
lowing the manufacturer’s instructions with minor modifications.
Inbrief, 100 pg of Alexa Fluor 488 TFP ester was dissolved in10 pl DMSO
and added to 1 mg of MX2401 dissolved in 100 pl of 0.1 M HEPES pH
8.2. The mixture was incubated with shaking for1hinthe darkatroom
temperature. To quench thereaction, 10 pl of 1M Tris pH 7 was added
to the reaction and was incubated with shaking for one further hour
inthe dark at room temperature.

MX2401-FL labelling and fluorescence microscopy

Exponentially growing cultures of S. aureus were incubated for 20 min
with the fluorescent D-amino acids HADA (Tocris) or RADA (Tocris) at
final concentrations of 100 pM. Exponentially growing cultures of
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S. aureus labelled with fluorescent b-amino acids and B. subtilis were
collected by centrifugation at 7,000 r.p.m. for 2 min. Cells were washed
once with 1x PBS (pH 7.4) and resuspended in 1/25 volume of 1x PBS.
MX2401-FLwas added to afinal concentration of 25 pM and incubated
for30 s. Cells were washed with 1x PBS, resuspendedin 1/25 volume of
1x PBS and spotted onto1.5% agarose pads containing growth medium.
Propidiumiodide, TMA-DPH and FM4-64 labelling procedures were
carried outin 1x PBS at final concentrations of 5 uM.

Phase and fluorescence microscopy was carried out with a Nikon Ti
inverted microscope using a Plan Apo100x, 1.4 Oil Ph3 DM objective,
aLumencore SpectraX LED illumination system and an Andor Zyla 4.2
Plus sCMOS camera. Chroma ET filter cubes (numbers 49000, 49002,
49003 and 49008) were used for imaging blue fluorescent protein
(BFP), HADA and TMA-DPH; MX2401-FL; YFP; and mCherry, RADA,
propidium iodide and FM4-64, respectively. Exposure time of 50 ms
was used for HADA, RADA, propidiumiodide and mCherry; 400 ms was
used for BFP; 200 ms was used for MX2401-FL, FM4-64 and TMA-DPH;
and 1s was used for YFP. Images were acquired with Nikon elements
4.3 software and analysed using Image]J (version 2.3).

Fluorescence microscopy quantification

Image) was used to quantify fluorescent intensities. For quantification
of YFP produced under the control of the PyngC promoter, a vegeta-
tively expressed BFP was used to identify cell boundaries. Intensity
values from the YFP channel were extracted and the background
autofluorescence from an empty field of view was subtracted from the
image. For quantification of MX2401-FL labelling, cells were co-stained
with MX2401-FL and FM4-64. FM4-64 was used to identify cell mem-
branes. Single-pixel-wide lines were drawn down the sidewalls of cells,
avoiding overlapping cells and double membranes at septa. Average
intensity values for each sidewall were extracted from the MX2401-FL
channel. Background autofluorescence was taken as an average from
five places in each field of view and subtracted from each intensity
measurement. GraphPad Prism 9 was used for plotting.

Structural model visualization

AlphaFold2 predictions of PopT (SAOUHSC_00846) and UptA (YNGC_
BACSU) were downloaded from the AlphaFold Protein Structure Data-
base (available at https://alphafold.ebi.ac.uk/). ChimeraX1.3 was used
to visualize the structural models and generate images. Re-entrant
helices are highlighted in blue and red. Arginine residues critical for
YngC (BsUptA) function are shown as sticks.

Immunoblot analysis

Immunoblot analysis was carried out as described previously*.
In brief, a1-ml volume of exponentially growing cells was normalized
by OD¢o0nm, and the cells were collected by centrifugation (2 min at
7,000 r.p.m.). The cell pellet was resuspended in lysis buffer 20 mM
Tris pH 7.0, 10 mM MgCl,, ImM EDTA, 1 mg ml™ lysozyme, 10 pg mi™
DNase I, 100 pg mI™ RNase A, 1 mM phenylmethylsulfonyl fluoride,
1pug mi? leupeptin, 1 pg ml™ pepstatin) and incubated at 37 °C for
15 min. An equal volume of sample buffer (0.25 M Tris pH 6.8,4% SDS,
20%glycerol, 10 MM EDTA, 10% 3-mercaptoethanol) was added to the
lysis reactions and vortexed briefly to complete lysis. Proteins were
separated by SDS-PAGE on12.5% polyacrylamide gels, transferred onto
Immobilon-P membranes (Millipore) by electrophoretic transfer and
blocked with 5% milk in phosphate-buffered saline with 0.5% Tween-20
(PBS-T). The blocked membranes were probed withmonoclonal anti-His
(1:4,000; Genscript) or polyclonal anti-SigA (1:10,000)*° antibodies
diluted into 3% BSA in PBS-T. Primary antibodies were detected using

horseradish-peroxidase-conjugated goat anti-rabbit IgG (1:3,000;
BioRad) or goat anti-mouse IgG (1:20,000; BioRad) and the Super Signal
chemiluminescencereagent as described by the manufacturer (Pierce).

Dendrograms

Dendrograms were created using AnnoTree version1(ref. *!). Allentries
of PF04018 (DUF368) were mapped to representative dendrograms of
bacteria and archaea. Hits are shown as blue lines.

Multiple sequence alignment
Multiple sequence alignments were carried out using Clustal Omega
version 1.2.4 (ref. %?) and visualized with Espript 3.0 (ref. 53).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Next-generation sequencing datasets generated in this study have
been uploaded to the NCBI Sequence Read Archive within project
PRJNA898639 (SAMN31619234 and SAMN31619233). Reads were
mapped to the B. subtilis genome (NCBINC_00964.3). Next-generation
sequencing datasets that were reanalysed from ref. ' are available on
the NCBI Sequence Read Archive (SRX3390726), and the analysis was
conducted as described in the paper. Uniprot accession codes for gene
neighbourhood analysis are provided in Supplementary Table 3. Details
ofthestrains, plasmids, oligonucleotides and synthetic DNA constructs
used are provided in Supplementary Tables 4-7. Source data are
provided with this paper.
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and is expressed under ¢ control. Structuralmodels of YngC (a) and
SAOUHSC_00846 (d) as predicted by AlphaFold2. (Left) Membrane re-entrant
helicesare highlighted inred and blue. Conserved argininesintheredre-entrant
helix of YngCare indicated. (Right) Surface charge distributionin the predicted
structures. (b) Minimuminhibitory concentration (MIC) assays of the indicated
B.subtilisstrains with point mutationsinthe conserved argininesinyngC.

(c) Immunoblot analysis of YngC-His levels using anti-His antibodies of the strains
in(b).SigAisthe sample processing control. (e) Schematic of the yngABC operon
highlighting the promoters that regulate yngCexpression. Two are recognized
by sigma factor A (6*) and one is recognized by the ECF sigma factor M (V).

(f) Representative fluorescence images of cells harboring a transcriptional
fusion of the yngC o™ promoter to yfp. YFP fluorescenceincreasesin cells exposed

tovancomycin for 30 min, acondition thatactivates 6™. The reporteris not
induced by vancomycininaAsigM mutant. Scale bar,1 pm. (g) Quantification of
YFP fluorescence from100 cells of the strains and conditionsin (f). Bar represents
the median. (h) Streaks of theindicated strains on LB agar supplemented with
1.25 ng/mLMX2401. P, contains adeletion of the 6 promoter of yngC.

(i) The Tn-seq screen for MX2401resistance mutantsidentified insertionsinthe
genes (yhdl and yhdK) encoding the anti-o™ factors, consistent withincreased
oM-dependent transcription of yngC providing MX24 0l resistance. Transposon
insertion profile at the indicated B. subtilis genomic regionis shown. Each
verticallineindicates aninsertionsite; its height reflects the number of reads at
this position (maximum height >5,000). The transposoninsertion site with the
maximum number of readsin this regionhad 2,600 reads. For comparison, the
insertionsitesadjacenttoyngChad>20,000 reads.
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Extended DataFig. 3| AyngCsensitizes B. subtilis toreduced levels of UndP
synthesis. (a) Spot-dilutions of the indicated B. subtilis strains with IPTG-
regulated alleles on LB agar supplemented with theindicated concentrations
of IPTG. Strains with reduced levels of IspH or UppS are sensitive to the absence
ofyngC.Relevant comparisons are boxed inred. Strains with reduced levels

of RodA, MurG or MraY grow similarly in the presence or absence of yngC.

(b) Schematic of the UndP synthesis pathway illustrating the two sources of
UndP for lipid Il biogenesis: de novo synthesis and recycling. Enzymes shown in
red were expressed atreduced levelsin the assays in (a). (c) Minimum inhibitory
concentration (MIC) of MX2401inthe indicated B. subtilis strains, each lacks
oneofthe six DedA paralogs. (d) The B. subtilis AyngC mutant was mutagenized
withatransposon carryingastrong outward facing P, promoter (insert).
Thelibrary was plated on LB agar supplemented with 0.3 pg/mLMX2401to

select formutants that provide resistance. Transposoninsertion profiles at
theindicated B. subtilis genomic regions are shown. Each vertical lineindicates
aninsertionsite; its height reflects the number of sequencingreads at this
position (maximum height >5000). The average number of reads was >40,000.
The majority ofinsertions mapped upstream of the ykoX gene inan orientation
thatwouldincreaseits transcription. Transposoninsertions were not enriched
upstream of berCor uppPthatencode UndPP phosphatases, suggesting

that these proteins do not have UndP transport activity, as was proposed
previously>*, Unlike the Tn-seq screen in awild-type (yngC+) background, in
the AyngCmutant, transposoninsertions were not enriched in the genes (yhdL
and yhdK) encoding the anti-o™ factors, consistent with the model that
theirinactivation providesincreased MX24 01 resistance by increasing
oM-dependent transcription of yngC.
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Extended DataFig.4|Atransposon-sequencingscreenidentified
insertions upstream of 02816 and 00846 that confer resistance to
amphomycininS. aureus. (a) Reanalysis of Tn-seq data from Santiago et al.
2018%. Alibrary of S. aureus mutagenized with a transposon carrying astrong
outward facing promoter (P,,) was grown in sub-inhibitory concentrations
ofamphomycin (9.6 ng/mL). Transposoninsertion profiles at the indicated
S.aureus genomicregions are shown. Each vertical lineindicates aninsertion
site;its height reflects the number of reads at this position (maximum height
>2,000). Most transposon insertions mapped upstream of SAOUHSC_02816
and SAOUHSC_00846in orientations thatare predicted toincrease transcription
ofthese genes. By contrast, insertions were not enriched upstream of the
UndPP phosphatase uppP, suggesting that this membrane phosphatase does
not have UndP transportactivity, as previously proposed>*. (b) Representative
micrographs of wild-typeand the A2 (AuptA ApopT) double mutant. Shown are
overlays of phase-contrast and fluorescence images of propidiumiodide-

stained cells. Quantification of the PI-positive cells from several fields of view
(>1,000 cells per strain) yielded a PI-positive rate of 0.1% for wild-type and

10% for the AuptA ApopT mutant. (c) Wild-type and A2 cells were stained with
fluorescent membrane dyes FM-464 (red) and TMA-DPH (blue), respectively,
and then mixed and imaged on the same agarose pad. Scale bar, 1 um. (d) Spot-
dilutions of the indicated S. aureus strains harboring an empty vector (EV)
oravectorwithanIPTG-regulated promoter fused to uppSor murA. The A2
(400846 A02816) and A3 (A00846 A02816 AO090I) strains have an aTc-
regulated allele of 00846 (846).In the presence of 500 pMIPTG the A2 strain
overexpressing UppS grows similarly to wild-type and the A3 strainis able to
formtiny colonies at all dilutions. By contrast, the growth of the two mutants
overexpressing MurA phenocopies the mutants with theempty vector.
Overexpression of MurA enables growthon LB agar plates supplemented with
3 pg/mL fosfomycin.
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Extended DataFig. 5| Gene neighborhood analyses reveal that dedA
paralogs canbe found adjacent to or fused with pap2lipid phosphatases
oradjacenttouppPundecaprenyl-pyrophosphate phosphatases.
Representative genomic neighborhood analyses showing synteny (a) and gene-
fusions (b) of DedA family members with PAP2 lipid phosphatases. (c) Schematic
ofthelipid Il cycle highlighting the role of PAP2 family members like BcrC and
DedA family members like YngC (UptA) in dephosphorylating UndPP and
flipping UndP across the membrane, respectively. (d) Representative genomic
neighborhood analysis showing synteny of dedA transporters with the
undecaprenyl-pyrophosphate phosphatase uppP. Most examples of synteny
betweendedA and uppP genes are from Streptomycetes and Paenibacilli

genomes. (e) Schematic of the lipid Il cycle highlighting the role of UppP family
membersand DedA family members like YngC (UptA) indephosphorylating
UndPP and flipping UndP across the membrane, respectively. MIC assays of the
indicated B. subtilis strains lacking uptA and ykoX (A2) expressing one of the
eight Bacillus simplex (f) or Paenibacillus cellulosyliticus (g) DedA paralogs.
BS18575is adjacent to apap2genein B. simplex. PC16690is adjacent to auppP
genein P. cellulosyliticus. Strains were grownin LBwith 500 uMIPTGin the
presence of theindicated concentration of MX2401. Uniprot IDs for the
proteinsincludedin the genome neighborhood diagrams canbe foundin
Supplementary Table 3.
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Extended DataFig. 6 | Gene neighborhood analysisindicates that duf368
genes are often presentinarchaeal gene clustersinvolvedinS-layer
protein glycosylation. (a) Representative genomic neighborhood from
Haloferaxvolcaniiwith all the characterized genesinvolvedin S-layer protein
glycosylation and popThighlighted. (b) Schematic of the S-layer protein
glycosylation pathway encoded inthe H. volcaniigene clusterasdescribedin
ref. 2. PopT is hypothesized to catalyze the recycling of DolP to complete the
cycle. AgIRis shown flipping one of the two UndP-linked sugars but could
transportboth. (c) Gene neighborhood analysis showing synteny of duf368
(popT) transporters with aglB and other genes involved in N-linked protein
glycosylation (outlined inblack). Uniprot IDs for the proteinsincluded in this
diagram canbe found in Supplementary Table 3. (d) Cartoon depiction of the

regulation of the yngABC and ykcBC operons by the transcription factor YclJ>*.
(e) Schematic of the putative cell surface glycosylation pathway encoded by
Yclj regulon members?. YngA isa member of the GtrA flippase family that
transports UndP-linked monosaccharides across the cytoplasmic membrane.
YngBisamember ofthe UDP glucose pyrophosphorylase family and has
beenshown to charge sugars with UDP groups?. YkcB isamember of the
glycosyltransferase-39 family that transfers monosaccharides from the UndP
carrier tosurface polymers and is thought to glycosylate lipoteichoic acid
(LTA). YkcCisamember of the glycosyltransferase-2 family thatadds UDP
charged monosaccharides onto UndP on the cytoplasmicleaflet of the
membrane. The DedA paralog YngC (UptA) is proposed to complete the cycle.
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Extended DataFig.7 | MX2401-FLspecifically labels outward-facing UndP.
(a) Validation of MX2401 conjugated to CF488 (MX2401-FL). Representative
fluorescence and phase-contrastimages of the indicated strains labeled with
MX2401-FL and propidiumiodide (PI). Cells with reduced de novo synthesis of
UndP (UppSLOW) harbor anIPTG-regulated allele of uppS (Pspank-uppS) and
were propagatedinthe presence of 4 uUMIPTG. Cells withincreased de novo
synthesis of UndP (UppS HIGH) harbor astronger IPTG-regulated allele of uppS
(Physpank-uppS) and were propagated with 500 uM IPTG. UppS LOW cells have
low MX2401-FL staining and bulge due toimpaired for cell wall synthesis. UppS
HIGH cells have high MX2401-FL staining and are shorter. Cells treated with
vancomycin for 5 min prior to MX2401-FL staining trap UndPinlipid Iland have
low MX2401-FL signal. AllMX2401-FL images were normalized identically with
minimum and maximum intensities of125and 600 to detect weak MX2401-FL
stainingin the UppS LOW and vancomycin-treated strains. (b) Wild-type and

UppSLOWS strains were stained with MX2401-FL or amixture of MX2401-FL and
duramycin, whichgenerates pores inthe membrane allowing MX2401-FL
accesstothecytoplasmic-facing UndP. Cells with membrane permeability
defects as assayed by Pl have higher MX2401-FL signal. Cells with intact
membranes (yellow carets) have lower MX2401-FL staining. AllMX2401-FL
images were normalized identically with minimum and maximum intensities of
125and 1500 to prevent saturating the MX2401-FL signal. (c) Representative
microscopy images of the indicated strains. Strains expressing different
fluorescent proteins (B. subtilis) or labeled with different fluorescent D-amino
acids (S. aureus) were mixed and then stained with MX2401-FL. (Left) overlays
of phase contrast and fluorescentimages in the red and blue channels to
distinguish the two strains. (Right) MX2401-FL staining. Yellow carets highlight
wild-type cells or cells over-expressing UptA(Bs) or PopT(Sa). White carets
highlight cells lacking the UndP transporters. Scale bar, 1 um.
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Extended DataFig. 8| UptA and PopT expressionreduces MX2401-FL
surfacelabeling. (a) Representative fluorescence and phase-contrastimages
oftheindicated B. subtilis strains labeled with MX2401-FL and propidium
iodide. The strains with IPTG-regulated popT and uptA alleles were grownin the
presence of 500 pMIPTG. (b) Quantification of MX2401-FL labeling from the
strainsimaged in (a). Fluorescence intensity measurements of the sidewalls of
100 cellsof each genotype were determined and plotted. Bar represents the
median. (c) Representativeimages of theindicated B. subtilis strains. Two
strains expressing different fluorescent proteins were mixed and then stained
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with MX2401-FL. The left panels show overlays of phase contrastand
fluorescentimagesinthered and blue channels to distinguish the two strains.
Theright panels show MX2401-FL staining. Yellow carets highlight cells
over-expressing an UptA homolog from . aureus (Sa), Pseudomonas aeruginosa
(Pa),and E. coli (Ec) in astrain lacking uptA and ykoX (A2). White carets highlight
cellslacking uptA and ykoX. (d) Yellow carets highlight cells over-expressing a
PopT homolog from Vibrio cholerae (Vc), Streptococcus pneumoniae (Sp), or
Bacillus cereus (Bc)inastrain lacking uptA and ykoX (A2). White carets highlight
cellslacking uptA and ykoX. Scalebar,1 pum.
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Extended DataFig. 9| MX2401conjugated to three different fluorescent
dyesstains cells similarly. Representative images of the indicated B. subtilis
or S. aureus strains. Two strains expressing different fluorescent proteins
(B.subtilis) or labeled with different fluorescent D-amino acids (S. aureus)
were mixed and then stained with MX24 01 labeled with (a) Alexa Fluor 488
(MX2401-AF488), (b) CF405 (MX2401-CF405), and (c) CF594 (MX2401-CF594).
Alexa Fluor 488 prevents membrane permeation of its conjugates®**'. CF405
and CF594 arealsoreported tobe membrane-impermeable by the manufacturer
(Biotium). The left panels show overlays of phase-contrastand fluorescence
imagesintheredandblue, red and green, or greenand blue channels to
distinguish the two strains. Theright panels show MX2401-FL staining. Yellow
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carets highlight wild-type cells or cells over-expressing UptA(Bs) or PopT(Sa).
Allthree fluorescently labeled MX2401 probes yield similar results. Scale bar,
1um. (d) MICassays of the indicated strains each expressing one of the eight
E.coliDedA paralogs in B. subtilislacking uptA and ykoX (A2). Strains were
growninLBwith10 pMIPTG. At 500 pM, cells expressing YqjA and Yabl had
4-fold higher MICs (>8-fold lower than cells expressing DedA). (e) Over-
expression or deletion of the undecaprenyl-pyrophosphate phosphatase
genesuppPor bcrCin B. subtilis do not alter the MIC of MX2401. MIC assays of
theindicated B. subtilis strains tested with MX2401and separately with
bacitracin that targets UndPP. These experiments were performedinastrain
background deleted for the bacitracin efflux pump (AbceAB).
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Extended DataFig.10 |S. aureus and B. subtilis cellslacking UndP
transportersremain polarized. (a) Representative fluorescence and
phase-contrastimages of S. aureus wild-type and the ApopT AuptA

(A2) mutant. The two strains were stained with the potentiometric dye
3,3"-Dipropylthiadicarbocyanine lodide (DiSC3(5)). Treatment with the
ionophore Gramicidin that depolarizes membranes was used as a positive

A2 + Gramicidin

control. The same cultures were separately stained with propidiumiodide
(PI) to assess the percentage of cells with membrane permeability defects.
(b) Representative images of wild-type and the AuptA AykoX (A2) B. subtilis
mutant stained with DiSC3(5). Gramicidin was used as a positive control for
loss of membrane potential. Scale bar, 1 pm.
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Antibodies used 1) THE™ His Tag Antibody (used at 1:4000), mAb, Mouse, Genscript, Cat AO0186, Clone 6G2A9
2) Anti-SigA (used at 1:10000), polyclonal, Gift of Masaya Fujita (University of Houston)
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Validation

3) Goat Anti-Mouse 1gG (H + L)-HRP Conjugate #1706516 (Used at 1:20000), BioRad.
4) Goat Anti-Rabbit IgG (H + L)-HRP Conjugate #1706515 (Used at 1:3000), BioRad.

The His Tag antibody has been used numerous times in other publications and validation is available on the company website,
available at: https://www.genscript.com/antibody/A00186-THE_His_Tag_Antibody_mAb_Mouse.html

The anti-sigA antibody was generated by Masaya Fujita and has been used in numerous publications as a loading control for B.
subtilis in studies originating from our lab and others. Specificity of anti-SigA antibodies were confirmed with purified SigA protein
and using lysates from B. subtilis cell expressing different levels of SigA under IPTG control.
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