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Many bacteriophages that infect Gram-positive bacteria rely on the bacterial cell surface polymer wall
teichoic acid (WTA) as a receptor. However, some bacteria modulate their cell wall with p-alanine
residues, which can disrupt phage adsorption. The prevalence and significance of WTA alanylation as an
anti-phage defense is unknown. A chemical inhibitor of WTA p-alanylation could be employed to
efficiently screen phage-host combinations for those that exhibit alanylation-dependent infections.
Since the incorporation of p-alanine residues into the cell wall requires the activity of p-alanine:alanyl
carrier protein ligase (DItA), a DUItA inhibitor was employed as this tool. Herein, we found that a chemical
probe inhibiting DItA activity impeded bacterial cell wall alanylation and enhanced infectivity of many
phages against Bacillus subtilis, including phages Phi29, SPP1, SPO1, SP50, and Goe?2. This finding reveals
the breadth of immunity conferred by WTA alanylation in B. subtilis, which was previously known to
impact only phages Phi29 and SPP1, but not SPO1, SP50, or Goe2. DUIA inhibition selectively promoted
infection by several phages that bind WTA, having no impact on the flagellotropic phage PBSL.
Unexpectedly, DUItA inhibition also had no effect on phage SP10, which binds to WTA. This selective
chemical tool has the potential to unravel bacteriophage interactions with bacteria, leading to improved
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Introduction

Bacteriophages, also known as phages, are viruses that speci-
fically infect bacteria."” They are likely the most abundant
organisms on the planet, with a count of approximately 10°*?
and they are estimated to cause 20-40% of bacterial deaths
globally. The ability of phages to selectively kill bacteria and
transmit DNA across bacteria populations has made them useful
in biotechnology and healthcare.” However, bacteria have
evolved a range of antiphage mechanisms to defend themselves
from viral infections.® For example, most bacteria selectively
degrade phage DNA via restriction-modification and/or CRISPR-
Cas systems.” Many bacteria also employ “abortive-infection”
systems that trigger cell suicide before phages are released from
the infected cell to infect neighboring bacteria.® Perhaps the
most effective defense is the modification of the bacterial cell
surface to prevent initial adsorption of the phage altogether.’
New variations on these themes of anti-phage defense are
frequently discovered.'®™® For many of these defenses, we still
poorly understand their mechanisms of action, their prevalence,
and their individual impact on immunity against bacteriophages.
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Chemical probes that inhibit these defenses will help dissect the
defense mechanisms, survey how prevalent the defenses are
across bacterial species, and determine how significant each
defense is against various phages under different environmental
conditions. Therefore, we aim to develop inhibitors of anti-phage
defenses. In this work, we targeted a specific mechanism of cell
wall modification.

Because phages must first adsorb to a bacterial cell before
they infect it, bacterial cell surface modification is a highly
effective strategy to avert phage infection.”> The cell surfaces of
Gram-positive bacteria consist of polymers such as peptidoglycan
and teichoic acids."* Teichoic acids are anionic glycopolymers
composed of poly(glycerol phosphate), poly(ribitol phosphate), or
more rarely poly(mannitol phosphate), and they can be attached to
the cell membrane (lipoteichoic acid, LTA) or anchored into the
peptidoglycan (wall teichoic acid, WTA).">™"” Many phages exploit
these cell surface polymers to use them as adsorption sites.'®'®
Electrostatic forces play a major role in phage adsorption to both
inorganic substrates*>*' and target hosts.>>>* The Lactobacillus
delbrueckii phage LL-H has been shown to require negatively
charged LTA for adsorption.”*** Decreasing the LTA surface
charge by removing alanines improved LL-H adsorption 100-
fold”®* In contrast, the Klebsiella pneumoniae CRKP phage
adsorbed better to cell surfaces with less negative charge.>*

Since these cell surface receptors must be accessible and
harbor the proper charge in order for phages to initiate
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infection, bacteria have developed strategies to modify the
receptor structure to prevent phage binding.” Incorporation
of p-alanine residues onto bacterial cell wall teichoic acid is one
such receptor modification mechanism that bacteria have
evolved against phages.>® In many Gram-positive bacteria such
as Bacillus subtilis, the dit operon that encodes the DItA, DItB,
DItC, and DItD proteins is responsible for p-alanylation of the
cell WTA.***” It was recently found that during phage infection,
B. subtilis cells signal neighboring cells to p-alanylate their cell
walls, which changes the WTA charge and blocks phage bind-
ing sites.>® We predicted that a small molecule inhibitor of the
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p-alanylation pathway could prevent cell wall modification and
re-sensitize bacteria to phage infection. Such an inhibitor
would be a useful tool to determine the prevalence and sig-
nificance of cell wall p-alanylation as a defense mechanism.
In order to arrest the p-alanylation defense, we investigated a
previously described inhibitor of the DItA enzyme.*® After
synthesizing the inhibitor, we first confirmed its ability to
inhibit WTA p-alanylation in cells. We subsequently found that
the inhibitor promoted phage adsorption and prevented
B. subtilis from resisting phage infection. We finally employed
this inhibitor to reveal that cell wall p-alanylation is an effective

phage receptor modification
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Fig. 1 DLUA inhibitor prevents incorporation of p-alanine into WTA of B subtilis. (A) lllustration of anti-phage defense via cell wall modification. (B)
Chemical structure of WTA in B. subtilis PY79 cells. (C) Chemical structure of DItA chemical inhibitor, 5-O-[N-(p-alanyl)-sulfamoylladenosine. (D)
Schematic diagram of experiment to assess WTA p-alanylation. Red stars symbolize **C-p-alanine. (E) Representative images displaying the intensity of
14C-p-alanine present in WTA after incubation with varying inhibitor concentrations. (F) Dose—response plot of **C-p-alanylated WTA intensity versus
inhibitor concentration, showing an ICsq value ~150 puM for DItA inhibition within cells. (G) Plot quantifying the relative number of Phi29 phages
remaining unadsorbed to cell wall material from cells treated with and without the DUIA inhibitor (300 uM). Data are represented as the average + SEM
from three independent biological replicates.
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anti-phage defense strategy for multiple strains of B. subtilis
against diverse phages. Since many Gram-positive bacteria
(including pathogens like Staphylococcus aureus) have this
p-alanylation pathway,?® chemical inhibition of p-alanylation
may even improve the efficacy of phage therapies by sensitizing
pathogens to phage infections.

Results and discussion

Inhibition of p-alanylation in Bacillus subtilis cells by 5'-O-[N-
(p-alanyl)-sulfamoyl]adenosine promotes adsorption of Phi29
phage
Addition of p-alanine esters to wall teichoic acid (WT4) is a
strategy by which bacteria regulate surface charge and block
phage adsorption (Fig. 1A and B)."**° We synthesized a DItA
inhibitor 5’-O-N-(p-alanyl)-sulfamoyljadenosine (Fig. 1C), which
has been validated biochemically to block DItA-catalyzed
transfer of p-alanine to DItC in vitro.”® We tested whether it
inhibited the incorporation of '*C-p-alanine into WTA in live B.
subtilis cells. Bacteria were treated with increasing concentrations
of 5’-O-[N-(p-alanyl)-sulfamoyljadenosine in the presence of
"C-p-alanine (Fig. 1D). Phosphor imaging of extracted WTA
revealed a complete inhibition of p-alanylation by the chemical
inhibitor (ICs, ~150 uM, Fig. 1E and F) in a dose-dependent
fashion. Therefore, this inhibitor effectively arrests p-alanylation
of WTA in live B. subtilis cells.

Since WTA p-alanylation is believed to inhibit adsorption of
certain phages (like Phi29),>® we hypothesized that phage Phi29
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would adsorb better to WTA from cells treated with the DItA
inhibitor. Indeed, 10x fewer phages remained unadsorbed to
purified cell wall material from inhibitor-treated cells com-
pared to non-treated cells (Fig. 1G). Therefore, chemical inhibi-
tion of WTA p-alanylation improves adsorption of a phage that
preferentially adsorbs to non-alanylated WTA.

Chemical inhibition of p-alanylation sensitizes B. subtilis to
infection by Phi29 and SPP1 phages

After validating the inhibitor’s activity on WTA p-alanylation
and phage adsorption, we hypothesized that the chemical
inhibitor would sensitize the bacteria to phage infection. To
test this hypothesis, we used a phage/host combination pre-
viously shown to exhibit DItA-dependent phage defense: phage
Phi29 and B. subtilis PY79.>®> We infected the bacteria with the
phage in the presence of different chemical inhibitor concen-
trations and monitored the plaque area over time (Fig. 2A and
B). As previously reported,> Phi29 plaques contracted—pre-
sumably due to the re-growth of cells with p-alanylated WTA.
The DItA inhibitor mitigated this effect, affording significantly
larger plaques. Furthermore, this plaque expansion effect was
dose-dependent: the chemical inhibitor promoted phage infec-
tion with an ECso ~ 130 pM (Fig. 2C and Fig. S3, ESIt), which
was comparable to its potency of inhibiting p-alanine incorpora-
tion into WTA (Fig. 1F). At very high concentrations (>2 mM),
the compound was toxic (Fig. S4, ESIf). Previous work also
indicated that phage SPP1 was susceptible to DItA-mediated host
defense.* As predicted, the DItA inhibitor also prevented plaque

A B no == + DItA inhibitor
€ 14 plaques — DMSO only
3
s 1.2
s
3 1.0 4
g 081
[*%
[0} 0.6 1
&
§ 0.4 1
i < 02 . . . r .
P— —— 0 5 10 15 20 25
DMSO only 270 pM DItA inhibitor Time after infection with Phi29 (hours)
C < 144 D no = + DItA inhibitor E no — + DItA inhibitor
£ o 4Paques  — pMSOonly _ 4 PBques  — pMSOonly
* % Rl o~ 1
= £ : £ !
o] & 1 g 1 ns
s 101 g 31 ; g 031 !
%" 081 o ] & ]
z S 21 ' o 024 )
o 0.6 g ' 2 :
® 04 3 : s ]
& | ECs=130 M o 11 g 01F
z 02 . . r © .
< o) ' © 1
1 10 100 1000 z 0 r T T T ! 3 0.0 - T T T .
[DItA Inhibitor] (M) 0 5 10 15 20 25 0 5 10 15 20 25

Time after infection with SPP1 (hours)

Time after infection with PBS1 (hours)

Fig. 2 DLUA inhibitor promotes lysis by alanylation-sensitive phages. (A) Image of plaques formed by Phi29 on B. subtilis PY79 after 22 hours with and
without DUtA Inhibitor (270 uM). (B) Plot of Phi29 plaque area on B. subtilis PY79 monitored over time in the presence of DMSO or 270 pM DUtA inhibitor.
(C) Dose-response plot of the DItA inhibitor on Phi29 plaque area at 22 hours post-infection time. (D) Plot of SPP1 plaque area on B. subtilis PY79
monitored over time in the presence of DMSO or 300 uM DItA inhibitor. (E) Plot of PBS1 plaque area on B. subtilis A6 monitored over time in the presence
of DMSO or 300 uM DUItA inhibitor. Data are represented as the average + SEM from three independent biological replicates with ~20-40 plaques
measured per replicate. p-value < 0.01 = *, and p-value > 0.01 = ** or *** vjg a Student's t test.
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restriction of SPP1 (Fig. 2D). Thus, our hypothesis was supported
that chemical inhibition of p-alanylation sensitizes B. subtilis to
WTA-binding phages.

DItA inhibitor does not promote infection of phage that uses
flagellum as the receptor

To ensure that the DItA inhibitor does not generally promote
the infectivity of all Bacillus phages, we tested its impact on a
phage known to adsorb to the flagellum of Bacillus (PBS1).*"
Since DItA does not p-alanylate flagella, the DItA inhibitor
should not increase the plaque size of the phage PBS1. As
expected, the inhibitor had no impact on the plaque size of the
flagellotropic PBS1 (Fig. 2E). Therefore, the DItA inhibitor is
selective for its intended activity: promoting plaquing of phages
that require adsorption to non-alanylated WTA.

DItA inhibitor reveals the significance of p-alanylation for
protection from phage SPO1 but not phage SP10

We next employed the inhibitor as a tool to investigate the impact
of p-alanylation on the infectivity of other bacteriophages. We
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tested SPO1 and SP10, two lytic phages that are known to require
glucosylated WTA (gWtA) for adsorption to their Bacillus host.****
The impact of WTA p-alanylation on SPO1 and SP10 is currently
unknown. Since the phages must bind gWTA, we hypothesized
that p-alanylation would inhibit their adsorption. Indeed, the DItA
inhibitor increased the plaque areas of cells infected with SPO1
phage (Fig. 3A). However, SP10 plaques were not enlarged by DItA
inhibition (Fig. 3B). Therefore, the DItA inhibitor has proven to be
a useful tool to discover that SPO1 is sensitive to cell wall
p-alanylation but SP10 is not. We hypothesize that some (but
not all) of the other Bacillus phages that require gWTA for
adsorption are likely also impacted by cell wall p-alanylation.

DItA inhibitor reveals that B. subtilis strains with alternative
WTA structure can also resist phage infection via cell wall p-
alanylation

To further employ the DItA inhibitor as a chemical tool to study
phage interaction with bacteria cell surfaces, we tested the SP50
phage that infects B. subtilis strain W23. This B. subtilis strain
has a different WTA structure than PY79. The WTA of B. subtilis
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Fig. 3 DLUA Inhibitor promotes lysis by phages that adsorb to diverse WTAs. (A) Plot of SPO1 plaque area on B. subtilis PY79 monitored over time in the
presence of DMSO or 300 uM DUA inhibitor. (B) Plot of SP10 plaque area on B. subtilis A6 monitored over time in the presence of DMSO or 300 uM DUIA
inhibitor. (C) Chemical structure of WTA in B. subtilis W23 cells. (D) Plot of SP50 plaque area on B. subtilis W23 monitored over time in the presence of
DMSO or 300 uM DIUtA inhibitor. Data are represented as the average + SEM from three independent biological replicates with ~ 20-40 plaques
measured per replicate. p-value < 0.01 = *, and p-value > 0.01 = ** or *** vjg a Student's t test.
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Fig. 4 DLUtA inhibitor reveals the significance of WTA p-alanylation for
inhibiting the infectivity of new phage Goe2. (A) Plot of Goe2 plaque area
on B. subtilis PY79 monitored over time in the presence of DMSO or
300 pM DLUtA inhibitor. (B) Plot of Goe2 plaque area on wild-type and DItA
mutant of B. subtilis PY79 monitored over time in the presence of DMSO or
300 puM DItA inhibitor. Assays in panels (A) and (B) are represented as the
average + SEM from three independent biological replicates with ~20-40
plaques measured per replicate. p-value < 0.01 = *, and p-value > 0.01 =
** or *** yijg a Student’s t test.

W23 consists of a ribitol-5-phosphate polymer functionalized
with glucose and p-alanine residues (Fig. 3C).>’ Despite its
altered WTA, we found that the W23 strain was also sensitized
to SP50 phage infection by the DItA inhibitor (Fig. 3D). There-
fore, B. subtilis W23 likely also employs p-alanylation as a phage
defense mechanism, and SP50 is susceptible to this defense.

DItA inhibitor promotes infection of the newly isolated phage
Goe2

As a final implementation of the DItA inhibitor, we used it to
determine the significance of WTA p-alanylation for a newly
discovered phage with an unknown cell surface receptor—Ba-
cillus VB_BsuM-Goe2 (Goe2) phage.*® If Goe2 requires non-
p-alanylated WTA for phage adsorption, then inhibition of
p-alanylation by the DItA inhibitor should significantly promote
phage adsorption and subsequent replication. To test this
hypothesis, we infected B. subtilis PY79 cells with Goe2 phage
in the absence and presence of the chemical inhibitor. The DItA
inhibitor significantly increased the area of Goe2 plaques
(Fig. 4A), revealing that phage Goe2 requires non-p-alanylated
WTA for adsorption. To confirm this result, we tested if a AdltA
mutant was sensitized to the Goe2 phage. Indeed, it was
(Fig. 4B), affording further confidence that WTA alanylation is
an effective defense against the new phage Goe2.

Inhibition of p-alanylation promotes antibacterial activity of
both antibiotics and bacteriophages

It is noteworthy that p-alanylation also plays a role in antibiotic
resistance—particularly to positively charged antibiotics. For
example, WTA p-alanylation in Lactococcus affords resistance to
nisin,*® and LTA p-alanylation in Streptococcus provides resis-
tance to polymyxin B, colistin, and peptides.*® Therefore, cell
wall p-alanylation is a bacterial mechanism of protection
against both antibiotics and bacteriophages. Inhibition of
p-alanylation has been shown to sensitize bacteria to antibiotics
such as imipenem and vancomycin.”®*” We are unaware of any
prior work sensitizing bacteria to phages through chemical
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inhibition of p-alanylation. Collectively with prior antibiotic
efforts, our work show that inhibition of p-alanylation may
sensitize bacteria to chemical antibiotics, bacteriophage thera-
pies, and even synergistic antibiotic-phage therapies.

Conclusion

Bacterial cell surface modification is a common anti-phage defense
strategy that bacteria have evolved against bacteriophages.””> Our
study indicates that chemical inhibition of surface modification
(specifically, WTA p-alanylation) is an effective means of re-
sensitizing bacteria to many phages. The specificity of the chemical
tool to block this anti-phage system led us to discover that several
phages were susceptible to cell wall p-alanylation—including a
novel phage with a yet-uncharacterized receptor. Although the
current work was limited to strains of B. subtilis, this inhibitor
(or the general strategy) should be applicable to other bacteria, as
well. Notably, it could be employed to sensitize DItA-containing
pathogens to phage therapies®® (e.g., Staphylococci,®® Streptococci,™
Enterococci,™* Listeria,” Clostridia,”® Fig. S5, ESIT). It can also be
used as a tool to dissect teichoic acid p-alanylation defenses in
bacteria without easy genetic tools for mutation experiments.

Materials and methods
Strains and phages

All bacterial strains and phages used in this study are listed in
the ESL

General growth conditions

Bacterial cultures were inoculated to ~0.2-0.4 ODgyonm from
an overnight culture grown in LB broth at 37 °C.

Synthesis of DItA inhibitor

Following the synthesis protocol outlined by May et al. with
slight modification, the chemical inhibitor was achieved over
three steps.”® The final product was achieved from HPLC
purification. 'H NMR, “C NMR, and HRMS were used to
validate the product identity (find details in ESIt).

Alanylation assay in bacterial cells

Adapted from a protocol by Pasquina et al,** bacteria culture
(B. subtilis 168) was inoculated to 0.4 ODggonm from an over-
night culture grown in LB broth. The culture (0.05mL) was
incubated with p-cycloserine (200 pg mL™') and the DItA
inhibitor (3-fold dilution from 2340 uM to 3 uM) for 30 mins
at 30 °C. Subsequently, *C-p-alanine (0.005 mCi mL™ ') was
added, and the culture was incubated for another 30 minutes.
The cells were then pelleted by centrifugation and washed with
buffer 1 (50 mM MES, pH 6.5). The cell pellet was boiled 1 hour
in SDS containing buffer 2 (4% [wt/vol] SDS, 50 mM MES, pH
6.5) to remove all LTA and contaminating lipids. The pellet was
washed sequentially in buffer 1, buffer 2, buffer 3 (2% NacCl,
50 mM MES, pH 6.5), and buffer 1 to remove all lipids and
residual SDS. Proteins were removed by digestion with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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proteinase K for 4 hours at 50 °C, in digestion buffer (0.5% [w/v]
SDS, 20 mM Tris-HCI, pH 8.0). The pellet was washed in buffer 3
and then three times in MilliQ water. The sample was then
incubated 16 hours in 0.1 M NaOH, to release the WTA from the
peptidoglycan.”” The '*C-p-alanylated WTA released into the
supernatant was spotted on a Whatman filter paper and phos-
phor imaging was performed using Typhoon FLA 9500 Imager.

Adsorption to cell wall material assay

The strain PY79 (Ppprg.sigX)>® was subcultured into fresh LB
broth 1:100 from an overnight culture in LB broth and grown
in the presence of DItA inhibitor (300 uM) or DMSO vehicle for
5 hours at 37 °C with shaking at 220 rpm. The expression of
sigX was then induced by the addition of 0.5 mM IPTG before
growing the cells overnight at 37 °C with shaking at 220 rpm.
Cells were pelleted by centrifugation, washed with buffer 1
(50 mM MES, pH 6.5) and incubated with buffer 2 (4% [wt/vol]
SDS, 50 mM MES, pH 6.5) for 1 hour. Cell wall material was
washed first with buffer 3 (2% NaCl, 50 mM MES, pH 6.5), then
with buffer 1, and finally resuspended in LB broth. After
normalizing cell wall material to ODgoonm = 4, 8 X 10° PFU of
Phi29 phages were added to 100 pL of each normalized cell wall
suspension and incubated for 10 minutes. The samples were
centrifuged to pellet cell wall material and adsorbed phages.
The supernatants (containing unadsorbed phages) were serially
diluted and spotted in 10 pL aliquots onto LB-agar plates
containing a lawn of PY79 cells. Plates were incubated over-
night at 37 °C. Plaque forming units (PFUs) were counted, and
the number of PFUs were normalized the average number
remaining unadsorbed to untreated cell wall material (100%).

General plaque assay conditions

The indicated strains were grown in LB broth to 0.2 ODgoonm
after subculturing from an overnight culture. Cells (200 pL)
were infected with a dilution of phage lysate in LB broth (50 uL)
in the presence of 300 uM chemical inhibitor or DMSO in 4 mL
LB broth containing 0.5% agar (supplemented with 5 mM
MgCl,, 5 mM CaCl, and 0.5 mM MnCl,). The mixture was then
poured onto an empty Petri dish (100 mm) and incubated
overnight at 37 °C.

Dose-dependent DItA inhibitor with phage assay

The bacteria strain B. subtilis PY79 was grown in LB broth to 0.2
ODgoonm after subculturing from an overnight culture. Next, to
15 mL centrifuge tubes containing prewarmed LB broth plus
0.5% agar (2.5 mL supplemented with 5 mM MgCl, and 0.5 mM
MnCl,) were each treated with chemical inhibitor (3-fold dilu-
tion from 2340 uM to 3 puM). The cells were infected with
phages (Phi29, 10~7 PFU mL ") for 10 mins and added to the
prewarmed agar-DMSO or compound mixture. The mixture
was then poured onto an empty Petri dish (60 mm) and
incubated overnight at 37 °C.

Plaque area determination

The plaque area was measured after taking pictures of Petri
dishes with plaques after each incubation time. The plaque

© 2024 The Author(s). Published by the Royal Society of Chemistry
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areas were measured using Fiji with ViralCounter_0.8.ijjm
macro.*® The area of plaques was output in an MS excel
document, which was then plotted with Prism Graph Pad data
analysis software.

Construction of AdltA mutant of PY79 via transduction

B. subtilis 168 AdItA donor cells were grown in LB broth
supplemented with 1 g mL ™" erythromycin, and 10 mM CacCl,.
In three separate 1.7 mL tubes, donor cells were infected with
50 uL SPP1 phage 107 °, 10°° 1077 PFU mL ' and each was
overlayed on 1.5% agar LB plate (supplemented with 1 ug mL™*
erythromycin and 10 mM CacCl,). The agar plate was incubated
overnight at 37 °C. Phage buffer (10 mM Tris pH 7.4, 10 mM
MgSO,, 4 g L™ NaCl) was added to the most confluently lysed
plate to extract propagated phages. The recipient cells (B. subtilis
PY79) were grown in LB broth and infected with extracted phages
diluted 10-fold (10"'-10"?) for 10 mins. Phage adsorption was
halted with the addition of prewarmed LB broth supplemented
with 20 mM citrate. This mixture was then centrifuged, and the
pellet was resuspended in leftover supernatant (~50 pL) and
plated on 1.5% agar LB (supplemented with 1 pg mL™* erythro-
mycin and 20 mM Sodium citrate). The agar plate was incubated
overnight at 37 °C. Colonies obtained were regrown on selection
media (1.5% agar LB supplemented with 1 pg mL™" erythromy-
cin and 20 mM sodium citrate) and verified by polymerase chain
reaction (PCR) using primers detailed in Table S4 (ESIt).
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