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Abstract:

In most well-studied rod-shaped bacteria, peptidoglycan is primarily crosslinked by
penicillin binding proteins (PBPs). However, in mycobacteria L,D-transpeptidase (LDT)-
mediated crosslinks are highly abundant. To elucidate the role of these unusual crosslinks, we
characterized mycobacterial cells lacking all LDTs. We find that LDT-mediated crosslinks are
required for rod shape maintenance specifically at sites of aging cell wall, a byproduct of polar
elongation. Asymmetric polar growth leads to a non-uniform distribution of these two types of
crosslinks in a single cell. Consequently, in the absence of LDT-mediated crosslinks, PBP-
catalyzed crosslinks become more important. Because of this, Mycobacterium tuberculosis is
more rapidly killed using a combination of drugs capable of PBP and LDT inhibition. Thus,
knowledge about the single-cell distribution of drug targets can be exploited to more effectively

treat this pathogen.

One Sentence Summary: Polar elongating mycobacteria utilize specific cell wall chemistry to

maintain rod shape at sites of aging cell wall.

Main Text:

Peptidoglycan (PG) is an essential component of all bacterial cells (/), and the target of
many antibiotics. PG consists of linear glycan strands crosslinked by short peptides to form a
continuous molecular cage surrounding the plasma membrane. This structure maintains cell

shape and protects the plasma membrane from rupture. Our understanding of PG is largely
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derived from studies on laterally-growing model rod-shaped bacteria like Escherichia coli and
Bacillus subtilis (Fig. STA). However, there are important differences between these bacteria and
the mycobacteria, a genus that includes the major human pathogen Mycobacterium tuberculosis
(Mtb). In mycobacteria, new PG is inserted at the cell poles (at unequal amounts based on pole
age), rather than along the lateral side walls (Fig. 1A). In addition, in model rod-shaped bacteria
like E. coli, PBP-mediated crosslinks make up a vast majority of the PG linkages (2). PBPs, the
targets of most B-lactams, catalyze peptide links between PG strands, forming 4-3 crosslinks
(Fig. S1B). However, in mycobacteria, 3-3 crosslinks, formed by L,D-transpeptidases (LDTs),
are abundant (~60% of linkages (3)) (Fig. S1B). Because PG has been most well studied in
bacteria where 3-3 crosslinks are rare, the role of this linkage - and the enzymes that catalyze it -
is poorly understood. Importantly, carbapenems, 3-lactam antibiotics that potently inhibit LDTs
in vitro, are effective against Mtb in vitro and in patients (4, 5). Thus, we sought to understand
the role of 3-3 crosslinks in mycobacterial physiology.

PG uniquely contains D-amino acids which can be labeled with fluorescent probes
(fluorescent D-amino acids, FDAAs) to visualize PG synthesis in live bacterial cells (6). When we
incubated Msm with FDAAs for a short 2-minute pulse (< 2% of Msm’s generation time) we
observed incorporation at both poles, the sites of new PG insertion in mycobacteria (Fig. 1A) (7).
However, we also saw a gradient extending from the old pole (the previously established growth
pole) that fades to a minimum at roughly mid-cell as it reaches the new pole (the pole formed at
the last cell division) (Fig. 1B).

To identify the enzymes responsible for this unexpected pattern of lateral cell wall FDAA
incorporation, we performed a fluorescence-activated cell sorting (FACS)-based transposon screen

(Fig. S1C). Briefly, we stained an Msm transposon library with FDAA and repeatedly sorted the
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least fluorescent 12.5% of the population by FACS. After each sort we regrew cells, extracted
gDNA and used deep sequencing to map the location of the transposons found in the low staining
population.

From this screen, we identified three LDTs (ldtA-MSMEG 3528, ldtB-MSMEG 4745,
ldtE-MSMEG 0233) (Fig. S1D) that were primarily responsible for FDAA incorporation. Deleting
these three LDTs significantly reduced FDAA incorporation (Fig. S2A,B). To further investigate
the physiological role of LDTs, we constructed a strain lacking all 6 LDTs (AldtAEBCGF,
hereafter ALDT). FDAA incorporation and 3-3 crosslinking is nearly abolished in ALDT cells and
can be partially restored by complementation with a single LDT (/dtE-mRFP; ALDTcomp) (Fig. 1C,
S2C,D, S3). Thus, like Bdellovibrio (6, 8), FDAA incorporation in Msm is primarily LDT-
dependent. LDTs can also exchange non-canonical D-amino acids onto PG tetrapeptides in Vibrio
cholera (9).

As partial knock-outs of LDTs in Msm have morphologic changes (/0), we visualized
ALDT cells by time-lapse microscopy. We observed that a subpopulation of cells loses rod shape
progressively over time, resulting in localized spherical blebs (Fig. 2A-top, S4A). Complemented
cells are able to maintain rod shape (Fig. S4B). We reasoned that localized loss of rod shape may
occur for two reasons: 1) spatially-specific loss of cell wall integrity and/or 2) cell wall
deformation due to uncontrolled, local PG synthesis. If the first hypothesis, were true, high
osmolarity should protect cells against forming blebs. Indeed, switching cells from iso- to high-
osmolarity prevented bleb formation over time (Fig. 2A, bottom). These results indicate that 3-3
crosslinks are required to counteract turgor pressure and maintain the rod shape of mycobacteria.
To test the second hypothesis, we stained ALDT cells with an amine-reactive dye, and observed

outgrowth of new, unstained material (Fig. 2B). Blebs retained stain, indicating a lack of new PG
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synthesis in the region. We, therefore, hypothesized that 3-3 crosslinks are required to maintain
the structural stability necessary for the rod shape of mycobacteria.

To directly test cell wall rigidity, we used atomic force microscopy (AFM) on live ALDT
and WT cells. We measured the rigidity of cells in relation to their height. Generally, WT cells are
stiffer than ALDT cells (Fig. 2C). Blebs in ALDT cells can be identified by a sharp increase in
height found toward the new pole (Fig. 2C). Since circumferential stress of the rod measured by
AFM is proportional to the radius of the cell, and inversely proportional to the thickness of the cell
wall (an unmeasurable quantity by AFM), we used cell height, a proxy for radius, to normalize the
stiffness measurement. We found that stiffness drops in the area of blebs (Fig. 2D, pink shaded).
Together, these data suggest that LDTs act locally to reinforce PG and maintain rod shape in a
subpopulation of Msm cells (Fig. S4C).

Why does loss of rod shape occur only in a subpopulation of cells? Mycobacterial polar
growth and division results in daughter cells with phenotypic differences (7). For example, the
oldest cell wall is specifically inherited by the new pole daughter (Fig. S5A,(7)). We hypothesized
that the loss of rod shape might occur in specific progeny generated by cell division. Indeed, the
daughter which inherited the new pole from the previous round of division, and the oldest cell
wall, consistently lost rod shape over time, while the old pole daughter maintained rod shape (Fig.
S5B). In addition, blebs localized to the oldest cell wall (Fig. 2B). Thus, 3-3 crosslinking is likely
occurring in the oldest cell wall, which is non-uniformly distributed in the population via
asymmetric polar growth and division.

Our observations lead to the following model (Fig. 4C): PBP-catalyzed 4-3 crosslinks are
formed at the poles where new PG is inserted. These newly synthesized 4-3 crosslinks are then

gradually cleaved (by D-D endopeptidases) as PG ages and moves toward the middle of the cell,
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leaving tetrapeptide substrates for LDTs to create 3-3 crosslinks. We can visualize this with FDAA
staining which shows the distribution of tetrapeptide substrates that are progressively consumed
as the cell wall ages (Fig. 1C). In the absence of LDTs, old cell wall loses integrity and turgor
pressure causes bleb formation.

This model predicts that: 1) ALDT cells should be even more dependent on 4-3 crosslinking
than wild type cells; 2) enzymes that make different types of crosslinks (PBPs vs LDTs) should be
differentially localized along the length of the cell; and 3) D,D-endopeptidases, which can create
LDT substrates by cleaving 4-3 crosslinks, should be localized at sites of aging PG.

To test the first prediction, we used TnSeq (//) to identify genes required for growth in
cells lacking LDTs (Fig. 3A). We found that mutants of two PBPs, pbpA (MSMEG 0031c) and
ponA2 (MSMEG 6201), were recovered at significantly lower frequencies in ALDT cells (Fig.
3B). Likewise, using allele swapping (/2) (Fig. S6A), we found that the transpeptidase activity of
PonA1, which is non-essential in WT cells (/2), becomes essential in ALDT cells (Fig. S6B). Thus,
cells that lack 3-3 crosslinks are more dependent on 4-3 crosslinking enzymes.

To test whether 3-3 and 4-3 crosslinking enzymes localize differently, we visualized
fluorescent fusions of a PBP (PonAl), and an LDT (LdtE), (Fig. 4A). We found that PonA1-RFP
largely localized to the old pole, where new PG is inserted (Fig. 4A, B). LAtE-mRFP localized
farther from the poles, the sites of older PG (Fig. 4A, B). Thus, enzymes responsible for 4-3 and
3-3 crosslinks exhibit distinctive subcellular localizations, consistent with the model that they act
on differentially-aged PG

To test our third hypothesis, we sought to identify a D,D-endopeptidase in Msm and
determine its subcellular localization. Using HHPRED (7/3), we identified DacB2

(MSMEG 2433), a protein shown to harbor D,D-carboxypeptidase activity in Msm (/4), as a
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candidate D,D-endopeptidase by homology to the E. coli protein AmpH , an enzyme with both
D,D- carboxy- and endopeptidase activity (/5). We expressed and purified DacB2 and found that
it, too, had both D,D-carboxy- and D,D- endopeptidase activity on peptidoglycan substrates
generated in vitro (Fig. S7). DacB2-mRFP localizes closer to LDT-mRFP, further from the poles,
at sites of older PG (Fig. 4A, B). Thus, bleb formation may result from unchecked D,D-
endopeptidase activity in ALDT cells.

The importance of 3-3 crosslinks in mycobacteria suggests a unique vulnerability. While
mycobacteria can be killed by most non-carbapenem (N-C) B-lactams, which largely target the
PBPs, carbapenems, which target both PBPs and LDTs (/6, 17) are also effective against
Mycobacterium tuberculosis (4, 5). As has been previously postulated (16, 18, 19), our data
suggest that faster Mtb killing could be achieved with drug combinations that target both PBPs
and LDTs. In fact, we find that amoxicillin (a N-C 3-lactam) and meropenem (a carbapenem), in
combination, exhibit synergism in minimal inhibitory concentration (X Fractional Inhibitory
Concentration < 0.5 (20), Fig. S8) and lead to more rapid killing of Mtb (Fig. 3C, D, Fig. S9) (21).

In well-studied rod-shaped bacteria like E.coli and B. subtilis, shape is maintained by
MreB-directed PG synthesis (22-24). Mycobacteria must maintain structural stability in the
absence of an obvious MreB homolog. Further, in contrast to lateral-elongating bacteria, in which
new and old cell wall are constantly intermingled during growth (Fig. S4A), polar growth
segregates new and old cell wall (Fig. S10). Mycobacteria appear to utilize 3-3 crosslinks at
asymmetrically-distributed aging cell wall to provide stability along the lateral body, something
that may not be required in the presence of MreB-directed PG synthesis. Thus, drug combinations

that target both 4-3 and 3-3 crosslinking enzymes could lead to better treatment of tuberculosis.
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Interestingly, meropenem combined with amoxicillin/clavulanate resulted in early clearance of

Mtb from sputum(35). In fact, the combination might be key to accelerated killing of Mtb.
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Figure 1: FDAAs are incorporated asymmetrically by LD-transpeptidases. (A) Schematic of
mycobacterial asymmetric polar growth. Green, old cell wall; grey, new material; dotted line,
septum; large arrows, old pole growth; small arrows, new pole growth. (B) FDAA incorporation
in log-phase WT Msm cell after 2-minute incubation. Scale bar=5um. Old pole marked with (*).
(C) Profiles of FDAA incorporation in log-phase WT (N=98), ALDT (N=40), and ALDTcomp
(N=77) cells. Thick lines represent mean incorporation profile, thin lines are FDAA incorporation
in single cells.
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Figure 2: LDT catalyzed 3-3 crosslinks are required for rod shape maintenance at aging cell
wall. (A) Msm ALDT time-lapse microscopy of cells switched from high- to iso- (top) osmolar
media, or iso- to high osmolar media (bottom). (high=7H9+150mM sorbitol; iso=7H9). t= time in
minutes post osmolarity switch. (B) ALDT cells were stained with Alexa 488 NHS-ester (green),
washed, and visualized after outgrowth. A,B scale bar=2um. (C) Mean stiffness of WT (N=73)
and ALDT (N=47) Msm cells as measured by atomic force microscopy. Mann-Whitney U P-Value
*EkxEk < 0.0001. (D) Representative profile of cell height and height-normalized stiffness
(modulus/height) in a single ALDT cell. Pink shaded portion highlights location of a bleb.
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Figure 3: Mycobacteria are hypersensitive to PBP inactivation in the absence of LDTs. (A)
Fold change in the number of reads for transposon insertion counts in ALDT cells compared to
WT Msm. P-value is derived from a rank sum test (25). (B) Transposon insertions per TA site in
pbpA and ponA2 in WT and ALDT cells. (C) Minimum inhibitory concentration (MIC) of
amoxicillin, meropenem, or the combination, in M. tuberculosis. FIC (fractional inhibitory
concentration) = MIC of drug in combination/MIC of drug alone. Synergy is defined as
> FIC<=0.5. (D) Killing dynamics of M. tuberculosis (expressing the luxABCDE operon from
Photorhabdus luminescens(26)) measured via luciferase production (RLU=relative light units). 5X
MIC Amoxicillin (AM) (3.125 pg/mL); 5X MIC Meropenem (MR) (6.25 pg/mL);
AmoxicillintMeropenem 3.125 pg/mL AM; 6.25 pg/mL MR) . Biological triplicate are plotted.
All drugs were used in combination with Spg/mL clavulanate.
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Figure 4: Peptidoglycan synthesizing enzymes localize to differentially aged cell wall. (A)
Representative fluorescence images of PonA1-RFP (magenta), LdtE-mRFP (cyan), and DacB2-
mRFP (green). Scale bars=5um. (B) Average PonA1-RFP (N=24), LdtE-mRFP (N=23) or DacB2-

mRFP (N=23) distribution in cells before division. (C) A model for PG age and crosslink
segregation via polar growth in mycobacteria
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Materials and Methods

Bacterial strains and culture conditions

Unless otherwise stated, all Mycobacterium smegmatis (mc?155) was grown shaking at 37°C in
liquid 7H9 media consisting of Middlebrook 7H9 salts with 0.2% glycerol, 0.85g/L NaCl, ADC
(5g/L albumin, 2g/L dextrose, 0.003g/L catalase), and 0.05% Tween 80 and plated on LB agar.
Mycobacterium tuberculosis (H37Rv) was grown in liquid 7H9 with OADC (oleic acid, albumin,
dextrose, catalase) with 0.2% glycerol and 0.05% Tween 80. Antibiotic selection for M.
smegmatis and M. tuberculosis were done at the following concentrations in broth and on agar:

25ug/mL kanamycin, 50pg/mL hygromycin, 20pug/mL zeocin and 20ug/mL nourseothricin and,

twice those concentrations for cloning in Escherichia coli (TOP10, XL1-Blue and DH5a.).

Strain construction

M. smegmatis mc*155 mutants lacking ldtABECFG (ALDT) was constructed using
recombineering to replace endogenous copies with zeocin or hygromycin resistance cassettes
flanked by lox sites as previously described (27). Briefly, 500 base pairs of upstream and

downstream sequence surrounding the gene of interest were amplified via PCR (KOD

XtremeTM Hot Start DNA polymerase (EMD Millipore, Billerica, MA)). These flanking regions
were amplified with overlaps to either a zeocin or hygromycin resistance cassette flanked by
loxP sites and these pieces were assembled into a knock-out construct via isothermal assembly
(28). Each knock-out cassette was transformed into Msm expressing inducible copies of RecET
for recombination (29). Once knock-outs were verified by PCR using and sequencing, the
antibiotic resistance cassettes were removed by the expression of Cre recombinase. The order of

knock-out construction in the ALDT strain was as follows (where arrows represent
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transformation of a Cre-recombinase plasmid, followed by curing of the Cre-recombinase
plasmid as it contains the sacB gene for sucrose counter selection on LB supplemented with 10%
sucrose, and strain names are listed in parenthesis). This resulted in the removal of antibiotic

cassettes flanked by loxP sites:

1) mc?155AldtA:: zeo® (KB103)> mc?155AldtA::1oxP (KB134)

2) mc?155AldtA: :loxP + AldtE:: zeo® (KB156)

3) mc?155AldtA: :loxP AldtE:: zeo® + AldtB:: hygR? (KB200) = mc?155AldtA: :loxP AldtE::10xP
AldtB::1oxP (KB207)

4) mc?155AldtA: :loxP AldtE::10xP AldtB::1oxP + AldtC:: hyg? (KB209)

5)mc?155AldtA: :loxP AldtE::10xP AldtB::10xP AldtC:: hygR AldtG:: zeo® (KB222)~>
mc?155A1dtA: :10xP AldtE::10xP AldtB::10xP AldtC:: 1oxP AldtG:: loxP (KB241)

6) mc?155AldtA: :10xP AldtE::10xP AldtB::10xP AldtC:: 10xP AldtG:: 1oxP AldtF:: hyg® (KB303

referred to as ALDT) .

M. tuberculosis H37Rv was transformed with a vector expressing the codon optimized

Photorhabdus luminescens luxABCDE operon (pMV306hsp+LuxG13 —Addgene #26161)(26).

This strain is referred to as Mtb Lux.

Refer to Supplemental Table 1 for oligonucleotides, and Supplemental Table 2 for a complete

strain list.

ALDT complementation plasmid construction
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To complement ALDT we placed a copy of ldtE (MSMEG (233) under the constitutive TetO
promoter (a UV 15 derivative within a pMCls plasmid that is inducible with anhydrous
tetracycline in the presence of a tet-repressor TetR, which the ALDTomp strain lacks (/2)) on
vector that integrates at the L5 phage integration site of the chromosome of the ALDT strain (the
vector is marked with kanamycin resistance). A glycine, glycine, serine linker was cloned

between /d¢tE and mRFP in this complementation construct.

PonAl transpeptidase essentiality L5 allele swapping

To test essentiality of transpeptidation by PonA1 in the ALDT cells, L5 allele swapping as
described in (/2) and figure S9 was performed. The plasmids used in this experiment were
previously published in (/2). Briefly, a wild-type copy of PonA1 (TetO driven expression, L5
integrating and kanamycin marked) was transformed into ALDT. Then, the endogenous copy of
ponAl was replaced with zeocin using the above mentioned recombineering technique
(amplifying the construct from a previously published knockout of ponA 1(12)). Swapping
efficiency of either wildtype or transpeptidase mutant PonA1 marked with nourseothricin was

tested with a transformation into ALDT//L5-TetO-ponAl (WT)-kanamycin.

M. tuberculosis minimum inhibitory concentration (MIC) determination

Mtb Lux was grown to log phase and diluted to an ODs00=0.006 in each well of non-treated 96
well plates (Genessee Scientific) containing 100puL of meropenem (Sigma Aldrich) and/or
amoxicillin (Sigma Aldrich) diluted in 7TH9+OADC+5ug/mL clavulanate (Sigma Aldrich). Cells
were incubated in drug at 37°C shaking for 7 days, 0.002% resazurin (Sigma Aldrich) was added

to each well, and the plates were incubated for 24 hours before MICs were determined. Pink
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wells signify metabolic activity and blue signify no metabolic activity. (30) Checkerboard MIC

plates and fractional inhibitory concentrations were calculated as described in (20).

M. tuberculosis drug killing assays

Mtb Lux was grown to log phase (kanamycin 25ug/mL) and diluted in 30mL inkwells (Corning
Lifesciences) to an ODgoo=0.05 in 7TH9+OADC+5ug/mL clavulanate with varying concentrations
of amoxicillin, meropenem, or both. 100uL of these cultures were pipetted in duplicate into a
white 96-well polystyrene plate (Greiner Bio-One) and luminescence was read in a Synergy H1
microplate reader from BioTek Instrumenmts, Inc. using the Gen5 Software (2.02.11 Installation
version). The correlation between relative light units (RLU) and colony forming units (CFU) is

shown in Msm in supplemental figure S9.

Fluorescent D-amino acid labeling

NADA (3-[7-nitrobenzofurazan]-carboxamide-D-alanine), HADA (3-[7-hydroxycoumarin]-
carboxamide-D-alanine) and TADA (3-[5-carboxytetramethylrhodamine]-carboxamide-D-
alanine) were synthesized by Tocris following the published procotol (37). To ImL of
exponentially growing cells 0.ImM of FDAA final was added and incubated for 2 minutes
before washing in 7H9 twice. For still imaging, after the second wash, cells were fixed in 7H9 +
1% paraformaldehyde before imaging. For pulse chase experiments, cells were stained, washed
with 7H9 and allowed to grow out for 40 minutes before being stained with a second dye and

imaged.

Flow cytometry
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An M. smegmatis transposon library was grown to mid-log phase, and stained with 2 pg/mL
NADA for 2 minutes. Cells were centrifuged and half of the supernatant was discarded. The
pellet was resuspended in the remaining supernatant, passed through a 10um filter and taken to
be sorted (FACSAria; Excitation: 488nm; Emission filter: 530/30). Two bins were drawn at the
lowest and highest staining end of the population, representing 12.5% of the population. 600,000
cells from these bins were sorted into 7H9 medium. Half of this was directly plated onto LB agar
supplemented with kanamycin to select for cells harboring the transposon. The remaining
300,000 cells were grown out in 7H9 to log phase, stained with FDAA and sorted again to enrich

the populations.

Transposon sequencing, mapping and FDAA flow cytometry enrichment analysis.

Genomic DNA (gDNA) was harvested from the sorted transposon library colonies and
transposon-gDNA junction libraries were constructed and sequenced using the Illumina Hi-Seq
platform (/7). Reads were mapped on the M. smegmatis genome, tallied and reads at each TA
site for the bins (low/high incorporating sort 1 and 2) were imported into MATLAB and

processed by a custom scripts as described in(32).

Microscopy

Both still imaging and time lapse microscopy were performed on an inverted Nikon TI-E
microscope at 60x magnification. Time lapse was done using a CellASIC (B04A plate) with
constant liquid 7H9 flow in a 37°C chamber. For turgor experiment (Figure 3.4A), cells were
grown in either 7H9 or 7H9 500mM sorbitol overnight, and then switched to either 7H9 with

150mM sorbitol (high osmolar) or to 7H9 alone (iso-osmolar).
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Atomic force microscopy

AFM experimentation was conducted as previously(33). In short, polydimethylsiloxane (PDMS)
— coated coverslips were prepared by spin-coating a mixture of PDMS at a ratio of 15:1
(elastomer:curing agent) with hexane (Sigma 296090) at a ratio of 1:10 (PDMS:hexane) (34, 35).
A 50 pl filtered (0.5 pm pore size PVDF filter — Millipore) aliquot of bacteria grown to mid-
exponential phase and concentrated from 2-5 ml of culture was deposited onto the hydrophobic
surface of a PDMS-coated coverslip and incubated for ~20 min to increase surface interactions
between bacteria and the coverslip. 7H9 medium (~3 ml) was supplied to the sample so as to
immerse the bacterial sample and the AFM cantilever in fluid. The AFM imaging mode, Peak
Force QNM, was used to image bacteria with a Nanoscope 5 controller (Veeco Metrology) at a
scan rate of 0.5 Hz and a maximum Z-range of 12 um. A ScanAsyst fluid cantilever (Bruker)
was used. Height, peak force error, DMT modulus, and log DMT modulus were recorded for all
scanned images in the trace and retrace directions. Images were processed using Gwyddion
(Department of Nanometrology, Czech Metrology Institute). Imagel was used for extracting

bacterial cell profiles in a tabular form.

Correlated optical fluorescence and AFM

Correlated optical fluorescence and AFM images were acquired as described(33). Briefly,
optical fluorescence images were acquired with an electron-multiplying charge-coupled device
(EMCCD) iXon Ultra 897 camera (Andor) mounted on an IX81 inverted optical microscope
(Olympus) equipped with an UPLFLN100XO2PH x100 oil immersion objective (Olympus).

Transmitted light illumination was provided by a 12V/100W AHS-LAMP halogen lamp. An U-
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MGFPHQ fluorescence filter cube for GFP with HQ-lon-coated filters was used to detect GFP
fluorescence. The AFM was mounted on top of the inverted microscope, and images were
acquired with a Dimension Icon scan head (Bruker) using ScanAsyst fluid cantilevers (Bruker)
with a nominal spring constant of 0.7 N m™ in Peak Force QNM mode at a force setpoint ~InN
and typical scan rates of 0.5 Hz. Indentation on the cell surface was estimated to be ~10 nm in
the Z-axis. Optical fluorescence microscopy was used to identify Wag31-GFP puncta expressed
in a wild-type background(36) in order to distinguish them from cells of the ALDT mutant

strains.

Calculating cell surface rigidity

A cell profile was extracted from AFM Height and DMT Modulus image channels as
sequentially connected linear segments following the midline of an individual cell. A
background correction was conducted to by dividing the DMT modulus values of the cell surface
by the mean value of the PDMS surface and rescaled to compare the cell surface rigidity between
individual cells from different experiments. The DMT modulus reflects the elastic modulus

(stress-strain relationship) for each cross-sectional increment along the cell length.

Analysis of fluorescent protein distribution

Using a segmented line, profiles of cells from new to old pole were created at the frame “pre-
division” based on physical cell separation of the phase image. A custom FIJI
(37) script was run to extract fluorescence line profiles of each cell and save them as .csv files.

These .csv files were imported to Matlab where a custom script was applied to normalize the
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fluorescence line profile to fractional cell length and to interpolate the fluorescence values to

allow for averaging.

Analysis of cell wall distribution

Cells were stained with Alexa488 NHS ester as described previously (7) and followed via time-
lapse microscopy in the CellASIC device. Briefly, ImL of log phase cells was pelleted at 8,000
rpm for 1 minute and washed with ImL PBST. The pellet was resuspended in 100uL of PBST
and 10uL Alexa Fluor 488 carboxylic acid succinimidyl ester was added for a final concentration
of 0.05mg/mL. This was incubated for 3 minutes at room temperature. Stained cells were
pelleted for 1 minute at 13,000 rpm and washed with 5S00uL PBST. They were spun again and

resuspended in 7H9 for outgrowth observation over time in the CellASIC device.

Analysis of FDAAs

Images were analyzed using a combination of Oufti(38) for cell selection followed by custom
coded Matlab scripts to plot FDAA fluorescence over normalized cell length, calculate cell

length and bin cells by existence of an FDAA labeled septum.

Generation of transposon libraries

M.smegmatis cells were transduced at (ODeoo 1.1-1.7) with pMycoMarT7 phage (temperature
sensitive) that has a Kanamycin marked Mariner transposon as previously described (/7).
Briefly, mutagenized cells were plated at 37°C on LB plates supplemented with Kanamycin to
select for phage transduced cells. Roughly 100,000 colonies per library were scraped, and

genomic DNA was extracted. Sequencing libraries were generated specifically containing
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transposon disrupted DNA. Libraries were sequenced on the Illumina platform. Data were

analyzed using the TRANSIT pipeline (25).

Peptidoglycan isolation and analysis

600mLs of wildtype and ALDT cells were grown to log phase and collected via centrifugation at
5000 x g for 10 minutes at 4°C. The resulting pellet was resuspsended in PBS and cells were
lysed using a cell disruptor at 35,000psi twice. Lysed cells were boiled in 10% SDS (sodium
dodecyl sulfate) for 30 minutes and peptidoglycan was collected via centrifugation at 17,000 x g.
Pellets were washed with 0.01% DDM(n-Dodecyl f-D-maltoside) to remove SDS and
resuspended in 1XPBS + 0.01% DDM. PG was digested with alpha amylase (Sigma A-6380)
and alpha chymotrypsin (Amersco 0164) overnight. The samples were again boiled in 10% SDS
and washed in 0.01% DDM. The resulting pellet was resuspended in 400uL 25mM sodium
phosphate pH6, 0.5mM MgCl2, 0.01% DDM. 20uL of lysozyme (10mg/mL) and 20uL SU/uL.
mutanolysoin (Sigma M9901) were added and incubated overnight at 37°C. Samples were
heated at 100°C and centrifuged at 100,000 x g. 128uL of ammonium hydroxide was added and
incubated for 5 hours at 37°C. This reaction was neutralized with 122uL of glacial acetic acid.
Samples were lyophilized, resuspended in 300uL 0.1% formic acid and subjected to analysis by
LC-MS/MS. Peptide fragments were separated with an Agilent Technologies 1200 series HPLC
on a Nucleosil C18 column (5um 100A 4.6 x 250mm) at 0.5mL/min flow rate with the following
method: Buffer A= 0.1% Formic Acid; Buffer B=0.1% Formic Acid in acetonitrile; 0% B from
0-10 minutes, 0-20% B from 10-100 minutes, 20% B from 100-120 minutes, 20-80% B from

120-130 minutes, 80% B from 130-140 minutes, 80%-0% B from 140- 150minutes, 0% B from
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150-170 minutes. MS/MS was conducted in positive ion mode using electrospray ionization on

an Agilent Q-TOF (6520).

Expression and purification of MSMEG 2433 (DacB2)

MSMEG 2433 was expressed and purified using a modified method for purification of low
molecular weight PBPs that was previously published (39). An N-terminally truncated
MSMEG 243329296y was cloned into the pET28b vector for isopropyl p-D-1-
thiogalactopyranoside (IPTG) inducible expression in E. coli BL21 (DE3). 10mLs of overnight
culture grown in LB with Kanamycin (50pg/mL) were diluted 1:100 into 1 L of LB with
Kanamycin (50pg/mL) and grown at 37°C until an ODeoo of 0.5. The culture was cooled to room
temperature, induced with 0.5mM IPTG, and shaken at 16°C overnight. Cells were pelleted via
centrifugation at 4,000rpm for 20 min at 4°C. The pellet was suspended in 20mL binding buffer
20mM Tris pH 8, 10mM MgCl,, 160mM NaCl, 20mM imidazole) with ImM
phenylmethylsulfonylfluoride (PMSF) and 500pg/mL DNase. Cells were lysed via three passage
through a cell disrupter at > 10,000 psi. Lysate was pelleted by ultracentrifugation (90,000 x g, 30
min, 4°C). To the supernatant, 1.0mL washed Ni-NTA resin (Qiagen) was added and the mixture
rocked at 4°C for 40 min. After loading onto a gravity column, the resin was washed twice with
10mL wash buffer (20mM Tris pH 8, 500mM NaCl, 20mM imidazole, 0.1% Triton X-100). The
protein was eluted in 10mL of elution buffer (20 mM Tris pHS8, 150mM NaCl, 300mM imidazole,
0.1% reduced Triton X-100) and was concentrated to 1 mL with a 10kD MWCO Amicon Ultra
Centrifuge Filter. The final protein concentration was measured by reading absorbance at 280 nm
and using the estimated extinction coefficient (29459 M 'cm™) calculate concentration. The

protein was diluted to 200uM in elution buffer with 10% glycerol, aliquoted, and stored at -80°C.
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Proper folding of purified MSMEG_2433(29.296) Was tested via Bocillin-FL binding. Briefly, 20uM
of purified protein was added to penicillin G (100, 1000 U/mL in 20mM K>HPO4, 140mM NaCl,
pH7.5) in a 9uL reaction. The reaction was incubated at 37°C for 1hour. 10uM Bocillin-FL was
added and incubated at 37°C for 30 minutes. SDS loading dye was added the quench the reaction
and samples were loaded onto a 4-20% gel. MSMEG 2433(29.296) bound by Bocillin-FL was
imaged using a Typhoon 9400 Variable Mode Imager (GE Healthcare) (Alexa Excitation-488nm

Emission-526nm).

Lipid II extraction.

B. subtilis Lipid II was extracted as previously published (40).

SgtB purification.

S. aureus SgtB was purified as previously published (47).

Purification of B. subtilis PBP1.

Purification of B. subtilis PBP1 was carried out as previously described (42).

In vitro Lipid 1l polymerization and crosslinking.

20 uM purified BS Lipid II was incubated in reaction buffer (50 mM HEPES pH 7.5, 10 mM
CaCly) with either 5 uM PBP1 or 0.33 uM SgtB for 1 hour at room temperature. The enzymes
were heat denatured at 95°C for 5 minutes. Purified MSMEG 2433 (29.296) was added (20 uM,
final) and the reaction was incubated at room temperature for 1 hour. Mutanolysin (1 pL of a

4000 U/mL stock) was added and incubated for 1.5 hours at 37 °C (twice). The resulting

28


https://doi.org/10.1101/291823

bioRxiv preprint doi: https://doi.org/10.1101/291823; this version posted March 30, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

muropeptides were reduced with 30 pL of NaBH4 (10 mg/mL) for 20 minutes at room
temperature with tube flicking every 5 minutes to mix. The pH was adjusted to ~4 using with
20% H3PO4 and the resulting product was lyophilized to dryness. The residue was resuspended

in 18uL of water and analyzed via LC-MS as previously reported (43).
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Fig. S1
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Figure S1: Peptidoglycan synthesis and FDAA screen overview. (A) Escherchia coli lateral
cell wall growth. Unlike mycobacteria, E. coli inserts new cell wall along the lateral cell body,
mixing old and new peptidoglycan. Green portion represents old cell wall, grey portion represents
new material. (B) Cartoon of penicillin binding proteins (PBPs), L,D-transpeptidases (LDTs), and
both 4-3 and 3-3 crosslinking. PBPs utilize a pentapeptide substrate found on new peptidoglycan,
ending in D-alanine-D-alanine. LDTs utilize a tetrapeptide substrate found on processed
peptidoglycan. TP, transpeptidase; TG, transglycosylase (C) Schematic of (Fluorescence
Activated Cell Sorting (FACS)-based FDAA transposon library enrichment. A Mycobacterium
smegmatis transposon library was stained with FDA As, and the dimmest cells were sorted, grown,
sorted again to enrich for transposon mutants that are unable to incorporate FDAA. (D) Results
from S1C screen. Ratio (log2) of transposon reads per gene in the second sort low FDAA staining
(L2) over the second sort high FDAA staining (H2) compared to the Mann-Whitney U P-value.
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Fig. S2
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Figure S2: Fluorescent D-amino acid screen validation. (A) Mean line profiles (from new to
old pole) of FDAA incorporation in log-phase WT (N=97), AldtABE (N=64). (B) Quantification
of FDAA incorporation at cell poles and quantification of cell length. Mann-Whitney U P-Value
shown (**** P-Value < 0.0001). (C) Representative image of FDAA incorporation in log-phase
WT, ALDT and ALDTcomp cells. Scale bar= Sum. (D) Quantification of FDAA incorporation at
poles and cell lengths of WT, ALDT and ALDTcomp cells shown in S2C and whose mean
incorporation is shown in Figure 3C.
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Fig. S3
S3A S3B
PEAK | Tripeptides observed |Description*
WT 1 461.2
o Tetrapeptides observed
5 2 532.3 Tetra (2 NH2)
3 3 534.2 Tetra (OH)
5 4 533.2 Tetra (NH2)
© pentapeptides observed
[ 5 604.3 Penta (OH)
6 602.3 Penta(2 NH2)
10 20 30 40 50 60 70 80 90 4-3 observed
Retention time (minutes)
7 974.5 4--3 (2 NH2)
8 1045.4 4--4 (4 NH2)
9 1046.5 4--4 (3 NH2)
2 10 1049.4 4--4
3 11 975.4 4--3 (NH2)
2 12 974.3 43 (2 NH2)
% 13 1047.5 4--4 (2 NH2)
§ 3-3 observed
14 974.4 4--3 (4 NH2)
15 904.4 3--3 (3 NH2)
o e (e 16 55 a3 ()
Tripeptide(anhydrous)
17 865.4
@ 4-4-4
3 18 1559.7
E 19 1560.0
g S3D
°
400000y 1
300000
Retention time (minutes) 2000004
:rr_ 1000004
S ol
S3C s 20 30 40 50
oy 0Oy 4 o 5 400000 A DT
/\er‘NT\/\«N OH S 300000
o) H o) o S
® S 200000
gojon N NH, @ 100000f
OHH H Yo S
Al g o :
o H o] o AT 20 30 40 50 60
NH, 400000
NH, 3000004 AL Teom,
3-3 crosslink (tripeptide-tripeptide) 200000
m/z: 904.44 (100.0%), 905.44 (38.9%), 100000] I
906.44 (7.4%), 905.43 (4.1%), 906.44 (3.3%), N A

0
20 30 40 50 60
Retention time (minutes)

906.44 (1.6%), 907.44 (1.3%)

Figure S3: 3-3 crosslinks are not detectable in ALDT cells. (A) Total ion chromatograms of
WT, ALDT and ALDTcomp peptidoglycan. (B) Table of muropeptide masses (Da) observed in
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(S3A). The molecular weight difference by one of the identified peptides is due to differential
amidation. The descriptions include the peptide lengths in the crosslink (4= tetra-, 3= tri- peptide)
and the following parenthesis specifies the number of amidation in the species according to mass.
(O) Structure of a representative 3-3 crosslink with a m/z=904.4. (D) Extracted ion chromatograms
from WT, ALDT and ALDTcomp for a representative 3-3 crosslink with a m/z=904.4.
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Fig. S4
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« T >
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Figure S4: ALDT cell morphological characteristics. (A) Time-lapse microscopy montage of
ALDT cells. The white stars mark new poles. The orange arrow points to the first new pole
daughter cell of this series. The red arrow indicates the second resulting new pole daughter cell. In
the last frame, white arrows point to all new pole daughter cells (besides the orange arrow and red
arrow). (B) Time-lapse microscopy of ALDTcomp cells expressing LdtE-mRFP. (C) Model of rod-
shape loss in old cell wall of ALDT cells compared to WT. Green portions of the cell represents
old cell wall, grey portion represents new cell wall. The larger arrows indicate more growth from
the old pole, while smaller arrows show less relative growth from the new pole. Dotted lines
represent septa. All scale bars=5um
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Fig. S5
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Figure S5: Inheritance of old cell wall and occurrence of blebs in new pole daughter cells.
(A) WT Msm stained with Alexa Fluor™ 488 NHS ester, washed and visualized over time. New
material is unstained, old material is stained green. Orange arrows indicate a new pole. Orange
stars mark new pole daughter cells. All scale bars=5um (B) Maximum cell width of ALDT cell
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lineages over time. Width of new pole daughters =blue circle; width of old pole daughters = orange
circle. Division signs denote a division event. At each division, there are two arrows from the
dividing cell leading to the resulting new and old pole daughter cell widths (blue and orange
respectively).
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Fig. S6
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Figure S6: LS allele swapping to test essentiality of PonA1’s ability to form 4-3 crosslinks
(transpeptidation). (A) Schematic of L5 allele swapping experiment. Adapted from (/2). (B)
Results of ponA1 allele swapping experiment in ALDT cells.
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Fig. S7
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Figure S7: MSMEG_2433
endopeptidase in vitro. (A) Co

retention time (min)

(DacB2) functions as a D,D-carboxypeptidase and D,D-
omassie-stained gel of purified Hise-DacB2. (B) Bocillin-FL and

Penicillin G binding assay of purified DacB2. (C) Schematic of in vitro experiment to test D,D-
carboxy- and D,D-endopeptidase activity. Lipid II extracted from B. subtilis is first polymerized
into linear (using SgtB) or crosslinked (using B. subtilis PBP1) peptidoglycan and then reacted
with DacB2. The reaction products are analyzed by LC-MS. (D) Extracted ion chromatograms of
the reaction products produced by incubation of DacB2 with peptidoglycan substrates.
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Fig. S7 (Continued)
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Figure S7 (continued): MSMEG_2433 (DacB2) functions as a D,D-carboxypeptidase and
D,D-endopeptidase in vitro. (E) Mass spectra of the reaction products of DacB2 digestion

reactions.
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Figure S8: Minimum inhibitory concentration (MIC) of amoxicillin or meropenem alone or
in combination against Mycobacterium tuberculosis. (A) Resazurin MIC plate and dilution
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matrix of amoxicillin and meropenem in combination in a checkerboard MIC plate. The table
below shows the concentration of each drug per well in pg/mL. The concentration of meropenem
is in black text and the concentration of amoxicillin is in red text in each well. (B) Dilution matrix
of amoxicillin or meropenem (alone). The concentrations of drugs are shown in the table. Pink
indicates metabolically active cells, blue indicates not metabolically active. In both single drug
and checkerboard MIC plates, Spug/mL clavulanate was used.
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Fig. S9
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Figure S9: Light production (RLU) correlated to colony forming units (CFU) in
mycobacterial cells expressing /luxABCD in drug treatment. (A) Mycobacterium smegmatis
colony forming units (CFU) and luminescence (RLU) during drug treatment.
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Fig. S10
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Figure S10: New and old cell wall are spatially segregated in mycobacteria. 2-minute FDAA
pulse (cyan), 45-minute outgrowth, followed by 2-minute FDAA chase (magenta) in WT
Mycobacterium smegmatis cells. Newest cell wall (magenta), older cell wall (cyan). Scale
bar=5um
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Primer description Primer Sequence 5' or 3' features | Primer #
MSMEG_3528
(IdtA) upstream CGTTGTAAAACGACGGCCAG
flanking region TGATGGCGGGCGTGATCTGG
FOR AATCTCT pUC57 overlap 208
MSMEG_3528
(IdtA) upstream ACCCAACTTAATCGCCTTGCA
flanking region GCTCTTCCAGTGTAGGTTGT Zeo cassette
REV CGAAACG overlap 209
MSMEG_3528
(IdtA) downstream | TAATCATGGTCATAGCTGTTT
flanking region TCATCGTGCAGGCGTGACGT Zeo cassette
FOR GCAG overlap 210
MSMEG_3528
(IdtA) downstream | CAGTCGACGGGCCCGGGAT
flanking region CCGCGGTGGTGCCCTTGGTG
REV ATGGTC pUC57 overlap 211
MSMEG_0233
(IdtE) upstream CGTTGTAAAACGACGGCCAG
flanking region TGGCTGTCCGCCCAGCCCCG
FOR GGCC pUC57 overlap 220
MSMEG_0233
(IdtE) upstream CCAACTTAATCGCCTTGCAG
flanking region CGTGGTACCTCCAGAGCACA Zeo cassette
REV ACTG overlap 221
MSMEG_0233
(IdtE) downstream | GTAATCATGGTCATAGCTGTT
flanking region TCCGGACGTCATACGAAGAA Zeo cassette
FOR CCCCC overlap 222
MSMEG_0233
(Idte) downstream | GCAGTCGACGGGCCCGGGA
flanking region TCTGGACCGACGCCGACCGC
REV ACCG pUC57 overlap 223
MSMEG_4745
(IdtB) upstream
flanking region GGTCGAGATGCTCCTGGAAG
FOR AGGCCG 444
MSMEG_4745 GAGCTCCAATTCGCCCTACG hyg cassette
(IdtB) upstream TCGTTACCTGCCCCATCACG overlap 445
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REV
MSMEG_4745
(IdtB) downstream | GTACCTCGAGTCTAGAAGTA
flanking region GCGCTATCGCACCGCGCGGT hyg cassette
FOR CCAG overlap 446
MSMEG_4745
(IdtB) downstream
flanking region CGACCCGGCCCGTCACAAGG
REV ACACCGAAC 447
MSMEG_0929
(IdtC) upstream CGTTGTAAAACGACGGCCAG
flanking region TGAACTGGCGACGGCGCTGG
FOR GCGTGG pUC57 overlap 216
MSMEG_0929
(IdtC) upstream TGGAGCTCCAATTCGCCCTA
flanking region GTGGATCTAGGGTACCGACA hyg cassette
REV GCACGC overlap 448
MSMEG_0929
(IdtC) downstream | GGTACCTCGAGTCTAGAAGT
flanking region AGTCCGGCGGCTAGGTCCG hyg cassette
FOR GCGGTTGAAG overlap 449
MSMEG_0929
(IdtC) downstream | CAGTCGACGGGCCCGGGAT
flanking region CCCAAGGGACTCGCGCCGGT
REV CTCC pUC57 overlap 219
MSMEG_0929
(IdtC) upstream
flanking region
FOR GGCTCGTTCTTCACCAACC 507
MSMEG_0929
(IdtC) downstream
flanking region
REV CTGCCCAAGCTCATCGAC 508
MSMEG_0674
(IdtG) upstream GTTGTAAAACGACGGCCAGT
flanking region GCGGCGTCGACCTCCCGGC
FOR CGGGTC pUC57 overlap 228
MSMEG_0674
(IdtG) upstream GTGGAGCTCCAATTCGCCCT
flanking region AGCGCATTGGCTTCCGATTT hyg cassette
REV CCCTCG overlap 454
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MSMEG_0674
(IdtG) downstream [ CGGTACCTCGAGTCTAGAAG
flanking region TACGCCGACGTGTATGCCCA hyg cassette
FOR CCCCCGCG overlap 455
MSMEG_0674
(IdtG) downstream | GCAGTCGACGGGCCCGGGA
flanking region TCGCCTGCGCCCGCGGGAG
REV CGCCTGCC pUC57 overlap 231
MSMEG_0674
(IdtG) upstream
flanking region
FOR GCATCTGAGTTTCGGCAAG 513
MSMEG_0674
(IdtG) downstream
flanking region
REV CAACTACCCCGCAGTTGAAT 514
MSMEG_1322
(IdtF) upstream GTTGTAAAACGACGGCCAGT
flanking region GCGAGGTAAGGGTCTCGACG
FOR GTTTCT pUC57 overlap 224
MSMEG_1322
(IdtF) upstream GTGGAGCTCCAATTCGCCCT
flanking region ATCCAATGTGCTTCGGCGAA hyg cassette
REV AGCCAGTTTG overlap 452
MSMEG_1322
(IdtF) downstream | GTACCTCGAGTCTAGAAGTA
flanking region GTTCCCCCCGGCCCACATAT hyg cassette
FOR GTCTGGACG overlap 453
MSMEG_1322
(IdtF) downstream | GCAGTCGACGGGCCCGGGA
flanking region TCCACGACAACGCCAGCGCG
REV AT pUC57 overlap 227
MSMEG_1322
(IdtF) upstream
flanking region
FOR GGTCGACGACGAACTGGT 511
MSMEG_1322
(IdtF) downstream
flanking region
REV AACGGCACGTACATCAGGAC 512
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MSMEG_0233
(IdtE) FOR with CATGCTTAATTAAGAAGGAGA
TetO overlap TATACAATGCCGAAATCGGC
(vector) AAAACGCAG 323A
MSMEG_0233
(IdtE) REV (no stop | GATGACGTCCTCGGAGGAGG
codon) with ser- CCGAGCCGCCGAACATCTGC
ser-gly linker CAGTCGGATG 351
CATCCGACTGGCAGATGTTC
mRFP FOR with | GGCGGCTCGGCCTCCTCCGA
ser-ser-gly linker GGACGTCATC 352
GTCCCCAATTAATTAGCTAAG
mRFP REV with TGATGGTGATGGTGATGACA
vector overlap GGCG 353
MSMEG_2433
(dacB2) FOR (first | GGCCTGGTGCCGCGCGGCA | with 5' overlaps to
27 amino acids GCCATCGCGCGGACGCCGA pet28b cut with
truncated) CATCCAG Ndel 662
GCTGTCCACCAGTCATGCTA | with 3' overlaps to
MSMEG_2433 GCCATCAGAGCGCCCCGATG | pet28b cut with
(dacB2) REV CTCG Ndel 663
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Table S2: List of Strains

Strain Description Primers
KB134 mc2155AldtA::loxP 208/209; 210/211
KB156 mc2155A/dtA::loxP + AldIE:: zeoR 220/221; 222/223
mc2155A/dtA::loxP AldtE:: zeoR +
KB200 AldtB:: hygR 444/445; 446/447
216/448; 449/219 (create
original hyg KO) but used
mc2155A/dtA::loxP AldtE::loxP 507/508; (amplify KO from
KB209 AldiB::loxP + AldtC:: hygR strain within the flanks)
228/454; 455/231 (create
mc2155AldtA::loxP AldtE::loxP original hyg KO) but used
AlditB::loxP AldtC:: hygR AldtG:: 513/514; (amplify KO from
KB222 zeoR strain within the flanks)
224/452; 453/227 (create hyg
mc2155A/dtA::loxP AldtE::loxP KO) but used 511/512
KB303 AldtB::loxP AldtC:: loxP AldtG:: loxP (amplify KO from strain or
(ALDT) AldtF:: hygR gibson)
pTetO-ldtE(MSMEG_0233)-linker-
KB302 MRFP in CT94 XH (XL1-Blue) 323A/351; 352/353
[mc2155AIdtA::loxP AldtE::loxP
KB316 AldtB::loxP AldtC:: loxP AldtG:: loxP
(ALDTcomp) AldtF:: hygR ] + KB302
KB428 E.coli BL21 + pet28b (dacB2) 662/663
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