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ABSTRACT

The integrity of the bacterial cell envelope is essential to sustain life by countering the high turgor pressure of the cell and pro-
viding a barrier against chemical insults. In Bacillus subtilis, synthesis of both peptidoglycan and wall teichoic acids requires a
common C55 lipid carrier, undecaprenyl-pyrophosphate (UPP), to ferry precursors across the cytoplasmic membrane. The syn-
thesis and recycling of UPP requires a phosphatase to generate the monophosphate form Und-P, which is the substrate for pepti-
doglycan and wall teichoic acid synthases. Using an optimized clustered regularly interspaced short palindromic repeat
(CRISPR) system with catalytically inactive (“dead”) CRISPR-associated protein 9 (dCas9)-based transcriptional repression sys-
tem (CRISPR interference [CRISPRi]), we demonstrate that B. subtilis requires either of two UPP phosphatases, UppP or BcrC,
for viability. We show that a third predicted lipid phosphatase (YodM), with homology to diacylglycerol pyrophosphatases, can
also support growth when overexpressed. Depletion of UPP phosphatase activity leads to morphological defects consistent with
a failure of cell envelope synthesis and strongly activates the �M-dependent cell envelope stress response, including bcrC, which
encodes one of the two UPP phosphatases. These results highlight the utility of an optimized CRISPRi system for the investiga-
tion of synthetic lethal gene pairs, clarify the nature of the B. subtilis UPP-Pase enzymes, and provide further evidence linking
the �M regulon to cell envelope homeostasis pathways.

IMPORTANCE

The emergence of antibiotic resistance among bacterial pathogens is of critical concern and motivates efforts to develop new
therapeutics and increase the utility of those already in use. The lipid II cycle is one of the most frequently targeted processes for
antibiotics and has been intensively studied. Despite these efforts, some steps have remained poorly defined, partly due to ge-
netic redundancy. CRISPRi provides a powerful tool to investigate the functions of essential genes and sets of genes. Here, we
used an optimized CRISPRi system to demonstrate functional redundancy of two UPP phosphatases that are required for the
conversion of the initially synthesized UPP lipid carrier to Und-P, the substrate for the synthesis of the initial lipid-linked pre-
cursors in peptidoglycan and wall teichoic acid synthesis.

In bacterial peptidoglycan synthesis, a 55-carbon polyisoprenoid
lipid carrier called undecaprenyl-pyrophosphate (UPP) is re-

quired to transport peptidoglycan precursor across the cell mem-
brane (1). UPP is synthesized by UppS and then dephosphoryl-
ated by a UPP phosphatase (UPP-Pase) to Und-P (2). The MraY
enzyme uses Und-P as a substrate, together with UDP–N-acetyl-
muramic acid (MurNAc)–pentapeptide, to synthesize lipid I, the
first membrane-bound precursor of peptidoglycan synthesis (3).
The addition of N-acetylglucosamine (GlcNAc) by MurG com-
pletes the synthesis of the critical intermediate, lipid II. Lipid II is
a single GlcNAc-MurNAc-pentapeptide unit linked to UPP as the
lipid carrier and serves as a substrate for penicillin-binding pro-
teins (PBPs), which incorporate the disaccharide unit into the
growing glycan strands.

Our understanding of this critical lipid II cycle is compromised
by a lack of mechanistic understanding of key steps. The identity
of the lipid II flippase required for the export of this essential
precursor from the cytoplasmic to the external face of the mem-
brane has been controversial. Recent results provide strong sup-
port for a role of MurJ as the lipid II flippase (4) and have further
shown that this enzyme is redundant in function with a stress-
regulated protein named alternate to MurJ (Amj) (5). The recy-
cling of the UPP carrier to Und-P also involves redundant en-

zymes, perhaps to allow the conversion to occur on either the
inner or outer face of the membrane. UppS synthesizes UPP on
the cytosolic face of the membrane. Subsequent dephosphoryla-
tion of UPP, also presumed to occur on the cytosolic face of the
inner membrane, generates Und-P as the substrate for MraY and
TagO (6). After transporting cell wall precursors outside the
membrane, the lipid carrier is released as UPP, which must again
be recycled back to Und-P by the action of a UPP-Pase (7). This
may occur by dephosphorylation on the outer face of the mem-
brane or by flipping of the UPP across the membrane to serve as a
substrate for a UPP-Pase active on the inner face of the membrane.
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It is assumed that the flipping of UPP (or Und-P) from the outer
to the inner face of the membrane is facilitated by proteins, but the
flippase has not been identified (6). It may be advantageous, in
general, for cells to have UPP-Pase activity localized to both faces
of the membrane to facilitate de novo Und-P synthesis (on the
inner face) and UPP recycling (on the outer face), and this may
account in part for the redundancy commonly observed in UPP-
Pases (6–8).

In Gram-positive bacteria, the same UPP carrier is shared be-
tween the peptidoglycan and the wall teichoic acid (WTA) biosyn-
thesis pathways. For WTA synthesis, Und-P serves as a substrate
for TagO (9). As a result, mutations in later steps in WTA synthesis
are lethal due to the sequestration of the limiting UPP carrier in
dead-end products (10), and this observation has motivated the
search for antibiotics active in late stages of WTA synthesis (11). A
similar sequestration effect has been reported in Escherichia coli,
when synthesis of the enterobacterial common antigen was im-
paired (1), and in Streptococcus pneumoniae mutants defective in
synthesis of serotype 2 capsule (12).

As expected for a critical lipid carrier, the synthesis and recy-
cling of UPP are essential, and therefore, steps in these processes
are excellent targets for antibacterials. Recent in silico, in vitro, and
in vivo approaches have identified inhibitors of UppS (13–15),
including a method that used clustered regularly interspersed
short palindromic repeat (CRISPR) interference (CRISPRi) to
identify drug targets (16). We demonstrated previously that a ri-
bosome-binding-site (RBS) mutation that decreased the expres-
sion of UppS led to vancomycin resistance and activation of the
�M-dependent cell envelope stress response (17). Compounds
that inhibit the recycling of UPP may also serve as effective anti-
biotics. The most widely used antibiotic of this class is bacitracin,
which binds tightly to the pyrophosphate group on surface-ex-
posed UPP to inhibit its dephosphorylation (18). Bacitracin also
activates the �M stress response, which contributes to bacitracin
resistance by increasing the synthesis of BcrC (19–21), a predicted
UPP-Pase presumed to act on the outer face of the membrane to
convert UPP (the target of bacitracin) into Und-P (22). Finally, a
variety of structurally diverse antibiotics, including glycopeptides
and lantibiotics, bind to lipid II, which serves to both inhibit cell
wall synthesis and sequester the UPP carrier lipid (23).

The identity of the UPP-Pases has been clearly established in E.
coli, where there are three UPP-pase enzymes (BacA, YbjG, and
PgpB) and a fourth enzyme (YeiU, later renamed LpxT) that ex-
hibits UPP-Pase activity in vitro (7). The BacA family includes the
eponymous BacA protein, while YbjG, PgpB, and LpxT all belong
to the type 2 phosphatidic acid phosphatase (PAP2) superfamily.
BacA provides 75% of the cell’s UPP-Pase activity, and overex-
pression of BacA makes cells bacitracin resistant (7). PgpB was
originally identified in mutant cells lacking phosphatidylglycerol
phosphate phosphatase activity (24) and has been shown to have
broad substrate specificity (25, 26). The BacA, YbjG, and PgpB
enzymes are functionally redundant; single mutants lacking any
one of the three genes do not show significant growth defects.
However, a triple mutant missing all three genes is not viable.
Although LpxT displayed in vitro UPP-Pase activity, it could not
support growth in the absence of at least one of the other three
UPP-Pases (7). It was later found that LpxT transfers phosphate
from UPP to lipid A to produce lipid A 1-diphosphate and in the
process generates Und-P (27). In contrast, the number and iden-
tity of the UPP-Pases in Bacillus subtilis has not been resolved.

Genetic approaches to analyze the function of essential genes
often rely on conditional mutants in which either gene expression
or protein activity can be regulated. The optimization of condi-
tional gene expression systems can be challenging (as reported
here also), since leaky expression may suffice to support viability
even in the absence of induction or the induced level may be
insufficient to support viability. Recently, the CRISPR system,
used by many bacterial and archaeal species to defend against
foreign DNA, has been adapted as a powerful tool for condition-
ally regulating bacterial gene expression (16, 28–30).

Here, we report the use of an optimized CRISPRi system to
investigate the essentiality of candidate UPP-Pases in B. subtilis.
Using CRISPRi, we have identified UppP and BcrC as two func-
tionally redundant UPP-Pases. We have also identified a third
lipid phosphatase (YodM) that is capable of supporting growth in
the absence of these two enzymes, but only when artificially over-
expressed. Depletion of essential UPP-Pases, predicted to inter-
rupt the synthesis of both peptidoglycan and WTA, results in cells
that cannot maintain their rod shape and leads to the induction of
the �M-dependent cell envelope stress response.

MATERIALS AND METHODS
Strains, plasmids, and growth condition. All strains and plasmids used in
this work are listed in Table S4 in the supplemental material. Bacteria were
grown in liquid lysogeny broth (LB) medium with shaking or on LB plates
(1.5% agar; Difco) at 37°C unless otherwise stated. Plasmids were con-
structed using standard methods (31), and amplified in E. coli DH5�
before being transformed into B. subtilis. For selection of transformants,
100 �g/ml ampicillin was used for E. coli. The antibiotics used for selec-
tion of B. subtilis transformants included kanamycin (15 �g/ml), specti-
nomycin (100 �g/ml), macrolide-lincosamide-streptogramin B (MLS)
(includes 1 �g/ml erythromycin and 25 �g/ml lincomycin), neomycin (10
�g/ml), and chloramphenicol (10 �g/ml).

Genetic techniques. Chromosomal and plasmid DNA transformation
was performed as described previously (32). Markerless in-frame deletion
mutants were constructed from BKE strains as described previously (5).
Briefly, BKE strains were acquired from the Bacillus Genetics Stock Cen-
ter, chromosomal DNA was extracted, and the mutation, containing an
erm cassette, was transformed into our wild-type (WT) strain 168. The
erm cassette was subsequently removed by the introduction of plasmid
pDR244, which was later cured by growing at the nonpermissive temper-
ature of 42°C. Gene deletions were confirmed by PCR screening using
flanking primers. Transduction was performed to move bacteriophage
SP� derivatives into the 168 strain as previously described (33). Unless
otherwise described, all PCR products were generated using B. subtilis
strain 168 chromosomal DNA as the template. The DNA fragments used
for gene overexpression were sequence verified. The null mutant con-
struct was verified by PCR screen to have the correct size band.

Construction of the CRISPRi-based transcriptional repression sys-
tem. The CRISPRi system was based on plasmid vectors that replicate in E.
coli and integrate into the B. subtilis chromosome. Briefly, the gene encod-
ing catalytically inactive (“dead”) CRISPR-associated protein 9 (dCas9) is
inserted into plasmid pAX01 to form pJPM1. pJMP1 is then integrated
into the B. subtilis ganA gene by double-crossover recombination. single
guide RNAs (sgRNAs) targeting bcrC or uppP were incorporated into
integrative vectors by inverse PCR followed by cyclization by self-ligation.
The expression of sgRNAs is constitutive, and the expression of dCas9 is
induced by xylose. The sgRNAs were selected based on their specificity for
and location within target genes. We identified all protospacer-adjacent
motif (PAM) sites (NGG for Streptococcus pyogenes dCas9) within target
genes and designed all possible sgRNAs for those targets. We then as-
signed each sgRNA a specificity score by aligning progressive truncations
of the sgRNA sequences to the B. subtilis 168 genome using Bowtie (34);
sgRNAs that retained specificity after several truncations received better
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scores. We then selected the most specific sgRNAs that targeted the non-
template strand and were near the 5= end of the gene, where CRISPR
interference is thought to be most effective in bacteria (28, 30). After
choosing the sgRNA sequences, the constructs were made by inverse PCR,
using forward primers containing sequences specific to the genes of inter-
est (base-pairing region) and a universal reverse primer which binds to the
complementary strand of DNA adjacent to the base-pairing region. For
example, bcrC1 (one of the two sgRNAs designed to bind close to the
transcription start site), was made using pJMP3 as the template and prim-
ers 6411 CRISPRi bcrC-1 F and 6415 CRISPRi universal R. The inverse
PCR product was self-ligated and transformed into E. coli DH5�. Plas-
mids extracted from successful transformations were confirmed by se-
quencing before being used to transform B. subtilis.

Construction of pSP�-dCas9 was done by ligating a fragment contain-
ing the Pxyl-dCas9 construct from pJMP1 into the backbone of pJPM122,
a plasmid that can integrate into the SP� prophage in strain ZB307A, as
described previously (35). To get the fragment containing Pxyl-dCas9,
pJMP1 was first digested by SacII, treated with T4 DNA polymerase
(NEB) to make a blunt end, and then digested by SalI. The DNA fragment
containing Pxyl-dCas9 was gel purified. pJPM122 was digested with SalI
and EcoRV, and the backbone was recovered from the agarose gel. The
fragment containing Pxyl-dCas9 from pJMP1 was then ligated with
pJPM122, forming plasmid pSP�-dCas9. pSP�-dCas9 was then used to
transform B. subtilis ZB307A. The transformants were PCR screened to
confirm that a double-crossover recombination event into the chromo-
some of ZB307A had occurred, and the verified transformants were
named ZB307A/pSP�-dCas9. Phage lysate from ZB307A/pSP�-dCas9
was prepared using heat shock and was used to transduce B. subtilis 168
and its derivatives.

Disk diffusion assays. Disk diffusion assays were performed as previ-
ously described (21). Overnight cultures of test strains were reinoculated
into fresh LB liquid medium and grown to early log phase (optical density
at 600 nm [OD600] of �0.4), and a 100-�l aliquot of the culture was mixed
briefly with 4 ml LB soft agar (containing 0.75% agar, kept at 50°C) before
being poured onto LB plates (containing 15 ml LB with 1.5% agar). The
plates were then cooled and dried in a laminar airflow hood for 5 min.
Filter paper disks were placed on the surface of the plates, and chemicals
were added to the paper disks. The plates were then incubated at 37°C for
16 h before the diameter of the zone of inhibition was measured. The
numbers reported are the zone diameter minus the 6.5-mm diameter of
the filter paper disk. The chemicals added to the disks included the fol-
lowing: xylose (20 �l of a 50% solution), bacitracin (400 �g), ampicillin (1
mg), penicillin (1 mg), cefuroxime (10 mg), vancomycin (100 �g), fosfo-
mycin (1 mg), D-cycloserine (100 �g), lysozyme (100 �g), daptomycin
(100 �g), nisin (1 mg), SDS (10 �l of a 10% solution), Triton X-100 (10 �l
of a 25% solution), EDTA (10 �l of a 0.5 M [pH 8.0] solution), novobiocin
(100 �g).

Measurement of the fraction of suppressor mutants. Strains were
grown in liquid LB medium supplemented with 1% glucose overnight,
and then the overnight culture was reinoculated into fresh LB liquid me-
dium supplemented with 1% glucose and grown to early log phase (OD600

of �0.4). Serial dilutions were performed up to 10�6. Cultures with 10�4,
10�5, and 10�6 dilutions were plated on LB plates supplemented with 1%
glucose, and cultures with no dilution and 10�1 and 10�2 dilutions were
plated on LB plates supplemented with 2% xylose. Colonies were counted
from plates having between 20 and 200 colonies, and CFU counts were
calculated. The fraction of suppressor mutants is calculated by dividing
the CFU count of a strain growing on xylose LB by the CFU count of the
same strain growing on glucose LB. This experiment was done at least
three times using biological replicates.

Phase-contrast time-lapse and fluorescence microscopy. Strains
were grown in CH medium (36) in the presence of 1% (wt/vol) glucose at
37°C. The cells were harvested when the OD of the culture reached �0.4.
Then, cells were grown in CH medium in the presence of 2% (wt/vol)
xylose in a microfluidic chamber. The phase-contrast time-lapse images

were acquired on a Nikon N-STORM microscope equipped with a Plan
Apo lambda 100� objective and a Hamamatsu ORCA complementary
metal oxide semiconductor (CMOS) camera. Images were taken every 30
s. Images of FM5-95 (ThermoFisher) membrane staining were acquired
on a GE DeltaVision Elite with DeltaVision connected to a PCO Edge
scientific CMOS (sCMOS) camera. A 561-nm laser and a 60� 1.45 nu-
meric aperture (NA) Plan Apo objective were used. The excitation filter
was yellow fluorescent protein (YFP; with center wavelengths at 513-nm
and 17-nm bandwidths), and the emission filter was mCherry (with cen-
ter wavelengths at 632-nm and 60-nm bandwidths). The cells were stained
with 1� FM5-69 (2 �M) mounted on 1% agarose in CH medium pads
and immediately imaged with an exposure time of 2 s. All images were
analyzed using Morphometrics (37) and a home-built MATLAB pro-
gram.

Whole-genome sequencing and sequence analysis. Chromosomal
DNA of suppressor strains was extracted using the Qiagen DNeasy blood
and tissue kit. DNA was then sent for sequencing using an Illumina
HiSeq2500 instrument in high-output mode with single-end 100-bp
reads. The sequencing results were analyzed using CLC workbench ver-
sion 8.5.1. Single nucleotide variants (SNVs) were detected using default
settings.

Microarray analysis. The wild-type and depletion strains were grown
separately in liquid LB medium to an OD600 of �0.4 and then each diluted
100-fold into two 250-ml flasks each containing 50 ml of fresh LB me-
dium. After 1.5 h of initial growth, one of the two flasks of each strain was
supplemented with 50% xylose to a final concentration of 2%, while the
other flask was left untreated as a control. After another 2.5 h of growth,
the cells were collected and total RNA was extracted using a phenol-chlo-
roform-based method. The total RNA was quantified, and the quality of
RNA was tested using a Bioanalyzer instrument. The RNA quality num-
bers for all four RNA samples were 10 out of 10. The total RNA was then
treated with Turbo-DNase (Thermo Fisher Scientific) to remove any pos-
sible DNA contamination and reverse transcribed into cDNA, using the
SuperScript indirect cDNA labeling system (Thermo Fisher Scientific).
The cDNA was aliquoted and labeled with either fluorescent dye 555 or
dye 647 and hybridized to microarray slides containing 60-nucleotide (nt)
oligonucleotides for each coding region according to laboratory protocol
(31). The dye swap was performed to reduce systematic errors caused by
differences in labeling and hybridization efficiency for different dyes. For
instance, in one hybridization, the cDNA of the WT strain is labeled with
dye 555 and the cDNA of the depletion strain is labeled with dye 647. In
the dye swap experiment, the cDNA from the WT will then be labeled with
dye 647 and that of the depletion strain with dye 555.

Comparison of transcriptomes among different strains and condi-
tions was performed by comparing the fluorescent signals from different
pairs. Among the treated group, the transcriptomes of the WT and deple-
tion strains were compared to reveal changes in gene transcription, and
the transcriptomes of untreated WT and depletion strains were used as
controls. The fold change for each gene is the average of the results of two
experiments containing a dye swap. Up- and downregulated genes after
UPP-Pase depletion were defined as those with an average fold change of
at least threefold and at least twofold in each hybridization. It is also
crucial that only signals well above the background level are considered
trustworthy. Gene function and regulon information was acquired from
SubtiWiki (http://subtiwiki.uni-goettingen.de/ [38]).

Cluster 3.0 (http://bonsai.hgc.jp/�mdehoon/software/cluster/software
.htm) and Java Treeview (https://sourceforge.net/projects/jtreeview/) were
used to generate heat maps. Briefly, we chose genes regulated by extracyto-
plasmic function (ECF) sigma factors and two-component systems involved
in cell envelope homeostasis (e.g., WalR, BceR, LiaR, PsdR, and YvrHb). The
bcrC gene was not included in the list of genes (even though it is controlled by
multiple ECF sigma factors), as it was artificially repressed using CRISPRi.
Microarray fold change data were log10 transformed and used for hierarchical
clustering (using uncentered correlation and complete linkage functions),
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showing genes that were upregulated as red and genes that were downregu-
lated as green.

Accession number(s). The transcriptome results have been deposited
in the NCBI GEO database under accession number GSE85492.

RESULTS
UppP and BcrC are functionally redundant UPP-Pases. We
identified B. subtilis UppP, BcrC, and YodM as homologs of
known UPP-Pases in E. coli using BLASTp with default parame-
ters. UppP is a homolog of BacA, whereas BcrC and YodM are
homologs of YbjG, PgpB, and LpxT, members of the PAP2 super-
family (see Table S1 in the supplemental material). BcrC was pre-
viously shown to have UPP-Pase activity and to be regulated by
�M (19, 22). UppP (YubB) was also speculated to function as a
UPP-Pase based on homology but played a less important role
than BcrC in bacitracin resistance (22). Mutations that affect UPP
levels were later found to affect the sensitivity of B. subtilis to rare
earth metals and, based on this phenotype, it was also suggested
that BcrC was the major enzyme, with UppP having a minor role
(39). However, this assay may report specifically on the level of
extracellular UPP that is accessible for binding by rare earth
metals.

To investigate functional redundancy among these candidate
UPP-Pases, we constructed single mutants with each UPP-Pase
gene replaced by an antibiotic cassette, followed by transforma-
tion to make mutants missing two or all three UPP-Pases. While
we could construct yodM bcrC and yodM uppP double mutants,
we were unable to obtain a bcrC uppP double mutant in multiple
attempts, despite previous suggestions that a double mutant had
been obtained (22, 39). For example, when chromosomal DNA
from a bcrC::mls (macrolide-lincosamide-streptogramin B) strain
was used to transform a uppP::spc (spectinomycin) strain, we re-
covered MLSr transformants, but only if the cells simultaneously
acquired a functional copy of uppP (and therefore lost Spcr). This
phenomenon, in which a cell acquires two unlinked markers by
transformation, is referred to as congression. Overall, our findings
indicate that bcrC and uppP are a synthetic lethal gene pair and
likely encode the only functional UPP-Pases in B. subtilis, at least
under our laboratory conditions.

The YodM protein can provide UPP-Pase activity when over-
expressed. To characterize the physiological consequences of lim-
iting UPP-Pase activity, we sought to generate conditional deple-
tion strains. We introduced ectopic copies of bcrC, uppP, or yodM
under the control of the isopropyl-�-D-thiogalactopyranoside
(IPTG)-inducible promoter Pspac(hy). Next, we attempted to se-
quentially delete bcrC and uppP under conditions where the ecto-
pic gene was expressed. However, due to either leakiness or insuf-
ficient expression, we were unable to construct a depletion strain
conditionally expressing bcrC or uppP, even after attempts to
modify the ribosome-binding site to change the translational effi-
ciency (see Table S2 in the supplemental material) (40).

One interesting result that emerged from this exercise is that
YodM, if overexpressed, can support growth even in the absence
of BcrC and UppP. In this strain, the native yodM RBS was re-
placed with a strong RBS (40) and the start codon was changed
from TTG to ATG. The resulting Pspac(hy)-yodM construct allowed
the generation of a bcrC uppP double mutant strain that could
grow in the presence but not in the absence of IPTG (see Fig. S1 in
the supplemental material). Note that this strain has two copies of
yodM, a native copy and an ectopic copy controlled by Pspac(hy) and

optimized for expression. Because of the homology between
YodM and E. coli UPP-Pases and the fact that overexpression of
YodM can rescue the growth defect of the bcrC uppP double mu-
tant, we infer that YodM has some UPP-Pase activity and that this
activity is sufficient to support growth in the absence of the other
two UPP-Pases when it is expressed at an artificially high level.
However, YodM is not able to support the growth of a bcrC uppP
double mutant at its normal expression levels. Recently, we have
learned that similar results were independently obtained by the
group of Thorsten Mascher (personal communication). Overall,
we conclude that BcrC and UppP are the two primary UPP-Pases,
at least under our laboratory conditions.

Demonstration of essentiality of UPP-Pases using CRISPRi.
We next explored the use of CRISPRi as a tool to monitor the
effects of UPP-Pase depletion on cell physiology. The CRISPRi
system uses a catalytically inactive form of the Cas9 endonuclease
(dCas9) and a single guide RNA (sgRNA) (28, 41). The sgRNA
contains a customizable 20-nt base-pairing region to direct dCas9
to specific DNA sequences, and the dCas9-sgRNA complex binds
DNA and serves as a road block to transcription. In the system
used in this work, the dCas9 gene is expressed from a xylose-
inducible promoter and the sgRNAs are constitutively expressed
(16). Based on previous studies in E. coli (28) and mycobacteria
(42), we anticipated that the strength of transcriptional repression
would be increased by promoter-proximal targeted complexes
and by the use of two sgRNAs. We therefore designed two sgRNAs
to bind close to the transcription start site (bcrC1 and uppP1) (pre-
dicted to have a strong repressive effect) and two sgRNAs to bind
further downstream (bcrC2 and uppP2) (predicted to have weaker
repressive effects).

The conditional depletion strains did not show any growth
defect in the absence of the dCas9 inducer xylose but were growth
impaired in medium with xylose. In order to illustrate the func-
tional redundancy of BcrC and UppP, we used disk diffusion as-
says as a measure of xylose sensitivity. B. subtilis is not sensitive to
xylose per se and can use it as a carbon source (43). As expected
based on the phenotype of the null mutant strains, depletion of
either uppP or bcrC using CRISPRi did not lead to xylose sensitiv-
ity (Fig. 1A). However, strains in which both genes were targeted
for transcriptional repression showed a notable sensitivity to xy-
lose, as shown by a clear zone of inhibition around the paper disk
containing xylose (Fig. 1B). A similar effect was noted in strains
where uppP was deleted and bcrC was targeted for transcriptional
repression. Strains containing the weak sgRNAs bcrC2 and uppP2

showed a small zone of inhibition, demonstrating that these cells
are less xylose sensitive and suggesting that bcrC2 and uppP2 pro-
vide less efficient transcriptional repression (Fig. 1B). This is con-
sistent with the previous observation that sgRNAs farther from the
5= end of the transcription start site caused weaker repression (42).
In the uppP null mutant, depleting bcrC led to xylose sensitivity.
The use of the promoter-proximal sgRNA bcrC1 led to a high level
of xylose sensitivity, and this was modestly increased with the
inclusion of the second sgRNA, bcrC2. We were not able to con-
struct a strain with bcrC deleted and containing uppP1, possibly
due to leaky expression of dCas9, which has been shown to have
moderate repressive activity even in the absence of xylose induc-
tion (16).

Optimization of CRISPRi to reduce suppressor formation in
conditional depletion strains. It is apparent that suppressor mu-
tations arise frequently in the zone of xylose-dependent growth

Zhao et al.

2928 jb.asm.org November 2016 Volume 198 Number 21Journal of Bacteriology

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE85492
http://jb.asm.org


inhibition (Fig. 1B). Whole-genome sequencing of 10 indepen-
dent suppressor strains revealed frameshift mutations in the
dCas9 gene (nine strains) and a single base pair mutation in the
bcrC gene which altered the protospacer-adjacent motif (PAM)
sequence for sgRNA bcrC1 and thus prevented binding of the
dCas9-sgRNA complex (one strain). To facilitate further physio-
logical studies, we sought to first reduce the frequency of suppres-
sor mutants. Since our sequencing results indicate that inactiva-
tion of the gene encoding dCas9 is the single most frequent class of
suppressor mutation, we constructed a merodiploid strain con-
taining a second copy of dCas9 integrated into the SP� prophage.
We then monitored the frequency with which suppressor muta-
tions arise by plating the depletion strain on LB medium supple-
mented with 1% glucose or 2% xylose and comparing the CFU
counts. As expected, strains with two copies of the gene encoding
dCas9 displayed a reduction (approximately 10-fold) in the fre-
quency of suppressor mutations (Fig. 2). We also note that sup-
pressor mutation formation was somewhat higher in strains with
dCas9 expressed only from the SP� prophage locus rather than the
ganA locus (Fig. 2; see also Fig. S2A in the supplemental material).

Since it is also possible to isolate suppressor mutations that mutate
either the sgRNA or its target, we reasoned that having two
sgRNAs targeted to the same gene would further decrease the fre-
quency of suppressor mutants. In general, the frequency of sup-
pressor mutations was reduced in the uppP null strain carrying
both bcrC1 and bcrC2 sgRNAs relative to their frequency in the
strain with only bcrC1; however, these effects were rather modest.
We hypothesized that another possible class of suppressor muta-
tions might result from upregulation of yodM. Indeed, the intro-
duction of a yodM null mutation into the uppP bcrC1 bcrC2 strain
greatly reduced the frequency of suppressor mutants, but only if
dCas9 was present in two copies (Fig. 2; see also Fig. S2B and C).
These results indicate that inactivation of dCas9 is the most fre-
quent cause of suppression (as inferred from the whole-genome
sequencing studies) and that the use of two sgRNAs and elimina-
tion of known or predicted pathways of suppression (such as up-
regulation of yodM) may be required for a significant further re-
duction in suppressor mutation occurrence.

We then isolated two independent suppressor mutants from
the optimized strain (HB17235) and performed whole-genome

FIG 1 Growth inhibition by depletion of BcrC and UppP. Photos of disk diffusion assay of WT and mutant strains. Cells were grown on LB plates with xylose
on the filter paper disk to induce dCas9 and inhibit transcription of bcrC and/or uppP. (A) WT and mutants with either bcrC or uppP null mutations or containing
sgRNA targeting only one UPP-Pase are not sensitive to the induction of dCas9 by xylose. (B) Mutants containing sgRNAs for both bcrC and uppP (bcrC1 uppP1

or bcrC2 uppP2) and mutants with a uppP null mutation and sgRNA(s) for bcrC (	uppP bcrC1, 	uppP bcrC2, and 	uppP bcrC1 bcrC2 [	uppP bcrC1&2]) are
sensitive to xylose. (C) Mutant strains show similar phenotypes in a 	yodM background.
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sequencing. While we might have expected to discover mutations
revealing a novel UPP-Pase(s), each suppressor mutant contained
a frameshift mutation (base deletion) in a homopolymeric stretch
within both dCas9 genes (in one suppressor mutant, the sequence
was TTCCTTTGAAAAAAA, and in the other, it was CAGTATC
AAAAAAAA). The fact that both dCas9 genes in each suppressor
mutant have the same point mutation in each copy of the gene
leads us to speculate that the first mutation may have resulted
from a relatively frequent strand slippage event in the homopoly-
meric sequence, followed by a gene conversion event to generate
the double mutant.

One of our goals in generating depletion strains for UPP-Pases
was to monitor the terminal phenotype, and this is complicated if
suppressor mutants arise at a high frequency. To determine

whether our optimized CRISPRi system had sufficiently reduced
the appearance of suppressor mutants to allow growth studies, we
inoculated �4 � 104 cells into 200 �l of xylose-containing me-
dium using an automated BioScreen growth analyzer. For each
strain, we monitored 30 replicate cultures (3 biological replicates
containing 10 technical replicates each). In this assay, the majority
of the cultures for each strain grew after a long lag phase (see Table
S3 in the supplemental material), suggesting that suppressor mu-
tations were arising and might therefore complicate the analysis of
the terminal phenotype. The single exception was our optimized
strain (HB17235), which is a dCas9 merodiploid lacking both
UppP and YodM and with two sgRNAs targeting bcrC. With this
strain, there was outgrowth in less than 10% of the wells.

Dynamics of UPP-Pase depletion. To determine how long it
takes for the existing BcrC protein to be depleted in the optimized
(HB17235) strain and thereby limit growth, we monitored growth
curves as a function of the initial inoculum in LB with either 1%
glucose or 2% xylose. With a starting culture at an initial OD600 of
0.14, the culture reached a final OD600 of 0.7 in the presence of 2%
xylose, while it could reach an OD600 of �1.2 with glucose (Fig. 3).
With each twofold dilution of the initial inoculum, the final OD600

reached under depletion conditions was also decreased by nearly
twofold, consistent with a growth-limiting depletion of preexist-
ing BcrC after 3 to 4 doublings.

Changes in cell morphology upon depletion of UPP-Pases.
Defects in cell wall synthesis often cause morphological changes as
the integrity of the cell wall is compromised. For example, deple-
tion of MreB and its homologs leads to a loss of the rod shape and
the formation of bulged cells (44), and cells missing all class A
PBPs form longer and bent cells with abnormal protrusions into
the cell plasma (45). Cells with UppS expression repressed by
CRISPRi also show bulged cells without significant lysis (16). We
therefore anticipated a similar phenotype from the UPP-Pase de-
pletion strain. Cells were grown in a microfluidic chamber in CH
medium supplemented with 2% xylose, and images were taken
every 30 s. At the beginning of the experiment, cells did not show
any obvious morphological defect relative to the WT. After about
2 h, cells grown with xylose began to form bulges (Fig. 4; see also

FIG 2 Reduction of suppressor mutations in UPP-Pase depletion strains.
Fractions of suppressor mutants in populations of various depletion strains.
UPP-Pase depletion strains cannot grow on LB plates containing 2% xylose
unless they have a suppressor mutation. Cells were plated on LB plates with or
without 2% xylose, and the number of cells on each type of plate was counted
and back calculated to CFU/ml. The fraction of suppressor mutants in each
population was calculated by dividing the CFU count of suppressors by the
CFU count of total cells. Error bars show standard deviations.

FIG 3 Growth of UPP-Pase depletion strain under depletion/nondepletion conditions with different initial culture population size. Depletion strain (ganA::
dCas9 SP�::dCas9 	yodM uppP bcrC1 bcrC2) growing at logarithmic phase was diluted and reinoculated into liquid LB medium supplemented with either 1%
(wt/vol) glucose or 2% (wt/vol) xylose. Growth was carried at 37°C with shaking. OD600 was measured every 15 min. The starting culture with an OD600 of �0.1
was designated dilution 1, and further twofold dilutions were performed until the smallest inoculum contained 1/8 the amount of the cells in dilution 1. Different
initial inoculums affected the final OD of cells growing in LB xylose medium, while they had no significant effect on cells growing in LB glucose medium.
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Movie S1 in the supplemental material). In comparison, WT cells
did not exhibit any growth defect in the presence of 2% xylose (see
Movie S2). Surprisingly, few cell lysis events were observed during
the time lapse experiment. This is similar to what was observed in
the UppS depletion strain (16, 46) and a strain depleted of lipid II
flippases (5). The lantibiotic NAI-107 (which targets UPP-linked
cell wall precursors like lipids I and II and precursors of WTA)
leads to a similar terminal phenotype (47).

To quantify the fraction of cells forming bulges when UPP-
Pases were depleted, we observed more than 200 cells at each time
point and used Morphometrics and an in-house MATLAB script
to measure the cell width along the whole length of the cell and
determine the maximum cell width for each cell (Fig. 4B). Before
the depletion of UPP-Pases, the majority of cells exhibited a max-
imum width of between 0.95 and 1.05 �m (Fig. 4C) and only
�10% of cells had a width of 
1.2 �m (Fig. 4C and D). As the cells
grew under depletion conditions, the percentage of cells with a
maximal width above 1.2 �m increased significantly (Fig. 4D).
Septum formation was still present in the depletion strain, as vi-
sualized with the membrane stain FM5-95, even when cells exhib-
ited bulging (see Fig. S3 in the supplemental material).

The UPP-Pase depletion strain is sensitive to cell envelope
stress. It has been reported that leaky expression of dCas9 in the
absence of xylose may lead to �3-fold repression of target genes
(16). We therefore hypothesized that our depletion strain may
have reduced expression of UPP-Pases even in the absence of in-

ducer. Indeed, the depletion strain exhibited more lysis than the
WT when stored on plates. To test this hypothesis, we used disk
diffusion assays under noninducing conditions to monitor sensi-
tivity to cell envelope stress conditions (Fig. 5). In fact, the deple-
tion strain was significantly (P � 0.01) more sensitive to both
bacitracin, which binds UPP and thereby inhibits UPP-Pase activ-
ity, and daptomycin. A more modest level of sensitivity (P � 0.05)
was noted for the peptidoglycan synthesis inhibitors vancomycin
and fosfomycin. The depletion strain was not significantly more
sensitive to several other tested stress conditions, including com-
pounds that elicit membrane stress (nisin, SDS, and Triton
X-100). The reason for the increased sensitivity to some but not
other peptidoglycan synthesis inhibitors is presently unclear, but
interpreting such effects can be complex, as discussed previously
(17).

Depletion of UPP-Pases triggers a cell envelope stress re-
sponse. To further characterize the effects of UPP-Pase depletion,
we monitored changes in the transcriptome 2.5 h after the addi-
tion of xylose to deplete BcrC, a time known to coincide with the
onset of visible morphological changes and decreased growth (Fig.
3 and 4). In the depletion strain, 
150 genes were upregu-
lated 
3-fold and nearly 300 genes were downregulated 
3-fold
(see Data Set S1 in the supplemental material). The set of upregu-
lated genes includes known cell envelope stress response genes,
including, most notably, the �M regulon. In contrast, downregu-
lated genes include many genes and regulons consistent with ca-

FIG 4 UPP-Pase depletion leads to curved and bulged cells. Microscopy images of depletion strains under depletion conditions. Cells were observed by
phase-contrast microscopy under �100 magnification (each pixel size is 65 nm). (A) Depletion strain (HB17235) growing in CH medium supplemented with
2% xylose at 37°C. Cells showed normal morphology at the beginning of the experiment (0 min) and showed curved and bulged morphology as UPP-Pases were
depleted (200 min). (B) Example showing how cell width was measured. Lines were drawn across the cell width, and the cell width at each line was measured. The
maximum width of each cell was used for quantification. (C) Distribution of maximum cell widths of depletion strain at the beginning of treatment (0 min). The
majority of cells had a maximum width of 0.95 to 1.05 �m, while approximately 10% of cells had a maximum width greater than 1.2 �m. (D) Changes in fraction
of cells having maximum cell width (Dmax; maximum diameter of cells) greater than 1.2 �m through time. The fraction increased significantly after 120 min and
reached its peak after 180 min, indicating that more and more cells began to form bulges as UPP-Pases were depleted. Error bars show standard deviations.
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tabolite repression in the xylose-treated cultures and with entry of
the untreated cells into transition phase during the 2.5 h of incu-
bation. The upregulation of the flagellar and motility systems con-
trolled by �D in the control cells as they enter into transition phase
likely explains the apparent downregulation of these genes in the
depletion strain.

To gain further insights into the effects of UPP-Pase depletion
on cell envelope stress responses, we used hierarchical clustering
to compare the expression of genes regulated by ECF sigma factors
and the WalR, BceR, PsdR, LiaR, and YvrHb two-component sys-
tem regulons (Fig. 6). The microarray data generated in this study
(UPP-Pase depletion), as well as data for cells treated with targocil
(46), bacitracin (48), D-cycloserine (49), Triton X-100 (49), and
vancomycin (50) (see Data Set S1 in the supplemental material)
were used for clustering and heat map generation as previously
described (50). Based on the observations described above, we
anticipated that the effects of UPP-Pase depletion (occurring over
2.5 h) might not be directly comparable to those elicited by rela-
tively short treatments with cell envelope antibiotics. Neverthe-
less, we noted several striking similarities. Specifically, the �M

regulon is selectively induced by UPP-Pase depletion, with com-
paratively weak effects noted for other ECF � factor stress re-
sponses. Induction of the �M regulon is consistent with the inclu-
sion of the BcrC UPP-Pase as part of this regulon (19), as well as
the previously noted induction in cells treated with bacitracin (48)
or containing mutations that decrease UPP synthesis (17). In con-
trast with �M, the �W regulon, most strongly activated by mem-
brane stress conditions (50), was downregulated in the depleted
cells compared to its expression in the control.

In addition to the clustering based on genes, we also deter-
mined the clustering based on treatments. Among the antibiotics

used for comparison, the treatment condition most similar to
UPP-Pase depletion is targocil, which inhibits WTA export and
therefore also causes a gradual depletion of the Und-P pool. D-cy-
closerine, an inhibitor of early steps in peptidoglycan synthesis
that converge with Und-P to allow lipid II synthesis, also leads to
a similar set of stress responses. We might have expected bacitra-
cin (which binds directly to UPP) to trigger a response similar to
the response to UPP-Pase depletion. However, despite several
similarities, bacitracin additionally elicits strong (albeit transient)
induction of the BceR and LiaR regulons after 5 min of treatment
(51). This activation can happen at bacitracin concentrations well
below the MIC and does not depend on cell wall damage (52). The
responses to stress conditions that were least similar to the re-
sponse to UPP-Pase depletion were those elicited by Triton X-100
and vancomycin, which both led to the induction of the large �W

regulon under the conditions tested.

DISCUSSION

UPP is a crucial lipid carrier in the synthesis of components of the
cell envelope, including both peptidoglycan and WTA. In pepti-

FIG 5 Sensitivity of depletion strain against stresses under partial depletion
conditions. Cells were grown on LB plates with chemicals added onto the filter
paper disk. The sensitivity of the depletion strain was measured as the clear
zone of inhibition around the paper disk. Chemicals used in this assay include
bacitracin at 400 �g, ampicillin at 1 mg, penicillin at 1 mg, cefuroxime at 10
mg, vancomycin at 100 �g, fosfomycin at 1 mg, D-cycloserine at 100 �g, ly-
sozyme at 100 �g, daptomycin at 100 �g, nisin at 1 mg, SDS at 10 �l of 10%
solution, Triton X-100 at 10 �l of 25% solution, EDTA at 10 �l of 0.5 M (pH
8.0) solution, and novobiocin at 100 �g. The data are expressed as mean
results � standard errors (n  3). Statistical analysis was performed using the
t test with two samples assuming unequal variances. *, two-tailed P value of
�0.05; **, two-tailed P value of �0.01.

FIG 6 UPP-Pase depletion induces the �M cell envelope stress response. Hi-
erarchical clustering was used to generate a heat map of upregulation (red) or
downregulation (green) of known cell envelope stress-responsive genes (genes
and regulons are indicated to the right). Cells were either depleted of UPP-Pase
(compared to non-depletion strain control cells) or treated with targocil
(TAR), D-cycloserine (CYC), bacitracin (BAC), Triton X-100 (TRI), or van-
comycin (VAN). Numbers indicate the minutes of treatment with each
antibiotic.
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doglycan synthesis, UPP serves as a lipid carrier for the disaccha-
ride-pentapeptide precursor in the central intermediate lipid II.
Although initially synthesized as the pyrophosphate form (UPP),
dephosphorylation is required to generate the substrate (Und-P)
for MraY. Similarly, in B. subtilis strain 168, Und-P is required for
WTA synthesis, which is initiated by the transfer of GlcNac-1-
phosphate from UDP-GlcNac to Und-P by TagO to generate the
initial membrane-bound precursor. The peptidoglycan precur-
sor, lipid II, is flipped across the membrane by either of two flip-
pases, MurJ or Amj, where it serves as the substrate for synthesis of
the glycan polymer by PBPs. In contrast, synthesis of the WTA
polymer occurs in the cytosol and the completed polymer (a glyc-
erol-phosphate alternating copolymer in B. subtilis) is exported
and then attached to peptidoglycan. In both peptidoglycan and
WTA synthesis, the UPP carrier is released on the extracytoplas-
mic face of the membrane (by PBPs or the TagTUV family of WTA
attachases) and recycled (9).

Disruption of cell envelope synthesis is one of the most effec-
tive strategies for inhibiting bacterial growth, and numerous an-
tibiotics target these processes. The lipid II cycle can be disrupted
by compounds that inhibit UPP synthesis or that bind directly to
lipid II (nisin, vancomycin, and ramoplanin) and to UPP itself
(bacitracin). Other peptidoglycan synthesis inhibitors target the
PBPs and thereby inhibit the transpeptidation (�-lactams) or
transglycosylation (moenomycin) reactions. It is also possible to
disrupt the lipid II cycle by blocking the synthesis of WTA at late
steps, thereby leading to sequestration of this limiting lipid carrier
(11).

A common feature of many different compounds that inhibit
the lipid II cycle is that they invoke cell envelope stress responses,
including activation of the �M regulon (53). A major function of
the �M regulon is to increase the expression of key enzymes in-
volved in cell envelope synthesis and to upregulate alternative en-
zymes to replace those that might be inhibited. Notable examples
of �M-dependent compensation reactions include upregulation of
the lipid II flippase Amj (which substitutes for MurJ) (5), the
lipoteichoic acid synthase LtaSa (YfnI, which substitutes for LtaS),
and BcrC (which substitutes for UppP) (19, 50). Similarly, antibi-
otics that inhibit the lipid II cycle, including bacitracin (48), van-
comycin (50), moenomycin (54), and the WTA-targeting targocil
(46), all activate the �M regulon (53).

In the work presented here, we set out to explore the role of
three genes encoding candidate UPP-Pases in the lipid II cycle in
B. subtilis. The CRISPRi system has recently been adapted as a tool
to repress bacterial gene expression and facilitate the analysis of
essential gene functions (16). Our inability to construct a uppP
bcrC double mutant suggested that these two genes might be a
synthetic lethal pair (in contrast with a previous report [22, 39]),
although they could both be deleted when a third candidate phos-
phatase, YodM, was overexpressed. The ability of YodM to rescue
cell growth in a uppP bcrC double mutant and its homology to
other UPP-Pases support a possible role for YodM as a UPP-Pase
that is active under growth conditions not yet identified. Alterna-
tively, this may be an adventitious reaction that only occurs when
this enzyme is artificially overexpressed. This may be similar to the
case in E. coli, where LpxT transfers phosphate from UPP to lipid
A and, as a product, also generates Und-P (27). The efficiency of
recycling UPP by this reaction is not enough to support cell
growth, but this enzyme indeed has UPP-Pase activity. To test the
hypothesis that uppP and bcrC are a synthetic lethal pair and to

explore the physiological consequences of UPP-Pase depletion,
we optimized a previously described CRISPRi repression system
(16) to minimize the appearance of suppressor mutations. We
used two copies of dCas9 to reduce the occurrence of suppressor
mutations. The frequency of suppressor mutations varies signifi-
cantly between loci (unpublished results) and may be affected by
the length of time required to deplete the cell of essential proteins.
Whereas one sgRNA generally suffices for gene knockdown (16),
we included two sgRNAs targeting the bcrC gene. The presence of
two sgRNAs led to a modest increase in repression efficiency, as
judged by xylose sensitivity (Fig. 1B), and also slightly reduced the
frequency of suppressor mutations (Fig. 2). In this system, the
greatest reduction in suppressor mutation frequency required
the deletion of yodM, which eliminates the only other known pro-
tein with UPP-Pase activity (Fig. 2). In general, optimization of
CRISPRi for knockdown of essential genes (or sets of genes) may
benefit from the use of a dCas9 merodiploid, since the inactivation
of dCas9 is one frequent cause of suppression. Further modifica-
tions worth exploring include the use of two sgRNAs per gene
(although this effect may be minor) and the elimination of known
or predicted pathways of suppression.

The two independent suppressor mutants analyzed from our
optimized strain each contained mutations in both copies of the
dCas9 gene. The occurrence of frameshift mutations in runs of
adenines suggests that these may be hot spots for mutagenesis, and
the fact that each strain contains the same point mutation in both
dCas9 genes suggests a gene conversion event after the first muta-
tion. One way to further reduce the fraction of suppressor mutants
might be to use a dCas9 gene with a different coding sequence as
the second copy. For example, swapping alternate but still pre-
ferred codons for B. subtilis (55) could be used to reduce the num-
ber of homopolymeric sequences and also to reduce sequence-
sequence similarity between two dCas9 genes. Nevertheless, the
fraction of suppressor mutants in the optimized strain used in this
study was sufficiently low to carry out the physiological assays
performed here.

Depletion of UPP-Pases leads to a cessation of growth after �3
to 4 doublings. Even mild depletion (due to the leaky expression of
dCas9 in the depletion strain) leads to an increase in sensitivity to
bacitracin. As UPP is further depleted, the cells begin to display
morphological abnormalities, including a prominent bulging of
the cells. This is consistent with the morphological changes in-
duced by other genetic and chemical perturbations known to af-
fect peptidoglycan synthesis. Concomitant with the onset of mor-
phological defects resulting from depletion of UPP, the cells
strongly activate the �M cell envelope stress response, consistent
with the effects of other antibiotics that target the lipid II cycle
(53).

In conclusion, our results establish that B. subtilis requires ei-
ther of two UPP-Pases for viability, UppP and BcrC. Because of
the nature of Und-P synthesis and recycling, it is reasonable to
speculate that one UPP-Pase has a cytosol-facing active site and
functions to convert UPP produced by UppS into Und-P for use in
cell wall synthesis, while the other one recycles UPP produced as a
product of the transglycosylase reaction catalyzed by class A PBPs.
We speculate that the former activity is UppP, which might ac-
count for the minor role of this enzyme with respect to sensitivity
to rare earth metals (39). After each addition to the growing pep-
tidoglycan (or WTA) polymer, UPP is released and must be de-
phosphorylated and flipped back to the cytoplasmic face of the
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membrane for reuse. This is the likely role for BcrC, which by
reducing surface-exposed UPP can prevent the binding of bacitra-
cin to its target. In contrast, all four of the E. coli UPP-Pases may
have active sites on the outer face of the membrane. These include
the PAP2 family UPP-Pases PgpB (26), YbjG and YeiU (56), and
based on protein modeling, BacA (57). Manat and coworkers pro-
vided supporting evidence for this model using truncated BacA-
�-lactamase reporters (58).

Regardless of whether the two UPP-Pases in B. subtilis have
their active sites on the same or opposite faces of the membrane,
the fact that B. subtilis can survive with only one UPP-Pase sug-
gests that the UPP-Pase function only needs to be localized to one
face to support viability. This suggests either that de novo-synthe-
sized UPP is dephosphorylated inside the cell and the UPP prod-
uct released by the transglycosylase reaction can be flipped from
outside to inside or that UPP synthesized in the cytoplasm is first
flipped to the outside to be dephosphorylated and then flipped
back to the cytoplasmic face to support peptidoglycan (MraY) and
WTA (TagO) synthesis. The flipping of Und-P or UPP is unlikely
to be spontaneous, although the identity of any proteins that help
catalyze this reaction is not yet clear. Ongoing efforts to define this
and other poorly understood steps in the lipid II cycle will help to
identify new candidates for the targeting of antibacterials and will
refine our understanding of the complex mechanisms of acclima-
tion to antibiotics in bacteria.
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