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Abstract

Tuberculosis and non-tuberculosis mycobacterial infections are rising each year and often

result in chronic incurable disease. Important antibiotics target cell-wall biosynthesis, yet some
mycobacteria are alarmingly resistant or tolerant to currently available antibiotics. This resistance
is often attributed to assumed differences in composition of the complex cell wall of different
mycobacterial strains and species. However, due to the highly crosslinked and insoluble nature

of mycobacterial cell walls, direct comparative determinations of cell-wall composition pose

a challenge to analysis through conventional biochemical analyses. We introduce an approach

to directly observe the chemical composition of mycobacterial cell walls using solid-state

NMR spectroscopy. 13C CPMAS spectra are provided of individual components (peptidoglycan,
arabinogalactan, and mycolic acids) and of /n situ cell-wall complexes. We assigned the
spectroscopic contributions of each component in the cell-wall spectrum. We uncovered a higher
arabinogalactan-to-peptidoglycan ratio in the cell wall of M. abscessus, an organism noted for its
antibiotic resistance, relative to M. smegmatis. Furthermore, differentiating influences of different
types of cell-wall targeting antibiotics were observed in spectra of antibiotic-treated whole cells.
This platform will be of value in evaluating cell-wall composition and antibiotic activity among
different mycobacteria and in considering the most effective combination treatment regimens.
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Introduction

Since the discovery of penicillin by Alexander Fleming in 1928, modern antibiotics

have saved millions of lives [1,2]. Today, however, we are still fighting against bacterial
infections, and antibiotic resistance has become a major threat to public health globally
[2]. In 2021, over 1.5 million people died from tuberculosis (TB), a disease caused

by Mycobacterium tuberculosis (Mtb) [3]. Additionally, the incidence of non-tuberculous
mycobacterial infection (NTM) has been increasing in the U.S. and globally [4-6].
Mycobacterial infections are highly prevalent among individuals suffering from chronic
obstructive pulmonary disease (COPD) and individuals with suppressed immune systems.
Individuals with COPD are the most at-risk for NTM lung disease and COPD is the 4th
leading cause of death in the U.S. [7] NTM lung disease also afflicts cystic fibrosis (CF)
patients, with most infected patients carrying a highly virulent strain of Mycobacterium
abscessus [8]. Diseases caused by mycobacteria are difficult to treat and routinely
involve combination treatment regimens to attempt to inhibit multiple targets required for
mycobacterial survival [9,10]. The rise in M. abscessus infections is particularly alarming
because of its resistance to classic anti-TB drugs as well as to most antibiotics that are
currently available [11-13]. It is unclear why some anti-TB medications are not effective
treatment options and differences in cell-wall composition may contribute to antibiotic
treatment failures [14,15].

The mycobacterial cell wall is essential for cell growth and thus is an important target of
antibiotics used to treat Mband NTM infections.2> However, compared to Gram-positive
and Gram-negative bacteria, mycobacteria assemble thicker and more complex cell walls,
and exhibit reduced sensitivities to many cell-wall targeting agents used against these

other bacteria. We lack a clear understanding of the reasons behind the failure of many
cell-wall targeting antibiotics against mycobacteria [16]. This urges significant development
to advance the introduction of new experimental approaches to define cell-wall composition
in mycobacteria, to fully understand the modes of action of current antibiotics, and to
introduce new strategies to treat Mtband NTM infections [17-19].

The mycobacterial cell wall is assembled just outside the cell membrane with a general
multilayered topology. The core layer nearest to the cell membrane is constructed of
peptidoglycan (PG), the key component present also in Gram-positive and Gram-negative
cell walls. Beyond PG, mycobacteria are unique in assembling arabinogalactan (AG), which
is covalently attached to PG through a phosphoryl-N-acetylglucosaminosyl-rhamnosyl
linkage [20-23] (Fig. 1A). This layer is followed by mycobacteria’s hallmark waxy layer
composed of mycolic acids (MA) and glycolipids. Collectively, the insoluble cell-wall
complex containing these three components is referred to as the mycolyl-AG-PG complex,
or mAGP. With more than 170 recognized species, the Mycobacteriaceae family shows great
diversity in the types of diseases they cause and differences in antibiotic sensitivities [24].
Understanding the differences in chemical composition of cell walls will aid in effective and
broad-spectrum therapeutic development.

Traditional methods to estimate mAGP composition and the relative abundance of the major
components rely on hydrolysis and solubilization of mMAGP, derivatization of PG and AG
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fragments, and identification of liberated components by solution-based analyses. However,
analyses based on these conventional approaches suffer from unavoidable incomplete
solubilization and incomplete accounting of cell-wall parts [25,26]. The need to evaluate
modes of action of mycobacterial cell-wall inhibitors more quantitatively has inspired our
effort to develop a broadly applicable solid-state NMR platform in complex mycobacterial
assemblies.

Solid-state NMR has a long history as a powerful analytical approach to define and
characterize composition in complex organic and inorganic solids and materials. As relevant
to work presented here, the CPMAS NMR examination of whole cells extends back 40
years ago to 1982 in early studies probing metabolism in soybean cotyledons [27]. Extensive
work since then has also been directed to the study of bacteria, bacterial cell walls, and the
bacterial extracellular matrix, motivated by the need for rigorous and quantitative parameters
of composition and structure, particularly in non-crystalline and heterogeneous materials not
amenable to solution-based analyses [28-32].

Herein, we report our efforts in developing an integrated approach leveraging bacteriology,
biochemistry, and uniquely enabling solid-state NMR detection to provide an accounting

of the major mycobacterial cell-wall components. These determinations complement
extensive chemical and structural studies of detailed differences among individual cell-

wall components, wherein chemical variations are found within the mycolic acids, and
different types of linkages and peptidoglycan modifications are possible [33,34]. Our direct
determinations capture the collective population of mycolic acids, PG, and AG, to determine
the relative abundance of these mMAGP components. The NMR spectra immediately reveal
the completely distinct chemistry and carbon composition of each mAGP component and
permitted a sum-of-the-parts reconstitution analysis to determine their relative abundance.
We similarly employed this type of analysis to determine the relative abundance of PG

and wall teichoic acids for Staphylococcus aureus cell walls in situ[35] and the relative
abundance of extracellular matrix components produced by Escherichia coli, [36,37] Vibrio
cholerae, [38] and the fungus Aspergillus fumigatus [39]. Moreover, our approach here
with mycobacteria enables direct comparisons of mMAGP composition among different
species, different growth phases, and enables profiling of whole-cell changes resulting

from antibiotic treatment. Specifically, Mycobacterium smegmatis was used as a model

in our study, as most mycobacterial gene orthologs and cell-wall structures are conserved

in this nonpathogenic species [40]. We extended our analysis to a human pathogen, M.
abscessus, which immediately revealed that while the chemical components among different
mycobacterial strains are preserved, their proportions can vary significantly.

Strains and growth conditions

M. smegmatis ATCC 700,084 and M. abscessus ATCC 19,977 were grown in Middlebrook
7H9 Broth with 0.2% glycerol, 10% ADC (albumin-dextrose-catalase) enrichment and
0.05% Tween-80. ADC enrichment was prepared according to the formula (8.5 g NaCl,

50 g BSA fraction V, 20 g dextrose, 0.03 g catalase per 1 L), filter sterilized and stored at 4
°C.
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Whole-cell sample preparation

Each overnight cell culture was diluted 1:300 in 600 mL of media and grown at 37 °C
with 200 rpm shaking to the desired optical density (OD) measured at 600 nm. Cells were
centrifuged at 4 °C and 4400 g for 50 min to form a pellet. The pellet was washed 3 times
with 5 mM HEPES buffer with centrifugation at 4 °C and 10,000 g for 10 min. The whole
cells were frozen in liquid nitrogen and lyophilized.

mMAGP isolation

Pure mAGP was isolated as described previously [41]. Briefly, whole cells were harvested
as described above and frozen in liquid nitrogen. The whole-cell pellets (5 g wet weight)
were left to thaw on ice, resuspended in 20 mL of breaking buffer (2% wi/v Triton X-100 in
PBS) and sonicated on ice for 10 cycles (60 s on, 90 s off). The crude cell wall was collected
by centrifugation (30 min at 27,000 g, 4 °C), resuspended in 60 mL of breaking buffer

and further extracted by stirring slowly overnight at room temperature (RT). Crude cell

wall was collected by centrifugation (30 min at 27,000 g, 4 °C) and the pelleted cell-wall
material was extracted three times with 100 mL of 2% SDS in PBS for 1 hour at 95 °C to
remove nucleotides and associated proteins. SDS solution was removed between the boiling
procedures by centrifugation (20 min at 27,000 g, RT). The pellet was washed successively
with Milli-Q water two times, 80% acetone in water two times, and finally acetone (20

mL each) with centrifugation in between (30 min at 27,000 g, RT). The final pure mAGP
complex was air-dried.

AGP isolation

PG isolation

Pure AGP was isolated from mAGP by treatment with base to release cell-wall bound
mycolic acids, which were removed by extracting the pellet with organic solvent [42].
Isolated mAGP (60 mg) was transferred to Oak Ridge Teflon FEP tube, resuspended in 30
mL 0.5% KOH and stirred at 37 °C for 5 days. The pellet was recovered by centrifugation
(30 min, 27,000 g, RT), washed with 30 mL of methanol, and collected by centrifugation

as above. The pellet was resuspended in 24 mL of chloroform and stirred at RT for 30 min,
followed by addition of 12 mL of methanol and centrifugation (30 min, 27,000 g at RT).
The pellet was washed again with 30 mL methanol, collected by centrifugation as above and
air-dried. The typical yield of AGP from mAGP was approximately 38% by dry mass.

PG was isolated as described previously with modifications [42]. Dry AGP complex was
resuspended in 20 mL of 0.05 M sulfuric acid in a glass screw cap tube and slowly stirred at
37 °C for 4.5 days to remove AG. The pellet containing PG was obtained by centrifugation
at 3000 g for 15 min. The pellet was washed three times with 10 mM Tris buffer (pH

8.2) with centrifugation after each rinse (30 min at 27,000 g, RT). The final pellet was
resuspended in 5 mL MQ water, flash frozen in liquid nitrogen and lyophilized to obtain

a pure white material /.e., mycobacterial PG. The typical yield of PG from AGP was
approximately 40% by dry mass.
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Solid-state 13C CPMAS NMR measurements

Solid-state 13C CPMAS NMR [43] experiments were carried out in an 89-mm-bore 11.7T
magnet using either an Agilent triple-resonance BioMAS probe with a DD2 console
(Agilent Technologies) or a home-built four-frequency TH/L9F/13C/15N all-transmission-line
probe with a Varian VNMRS console. Samples were spun at 7143 Hz in either 36-pl-
capacity 3.2-mm zirconia rotors or thick-walled 5-mm-outer-diameter zirconia rotors. The
field strength for cross-polarization was 50 kHz for 13C with ramped CP at 57 kHz on

1H for 1.5 ms. IH decoupling was performed at 83 kHz. The recycle time was 2 s for

all experiments. Spectrometer 13C chemical shift referencing was performed by setting the
high-frequency adamantane peak to 38.5 ppm [44]. All spectra, except those obtained for
the CP array experiments (Fig. S3 and S4), were the result of 40,960 scans. CP array
experiments were performed at 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 6 ms. 8192 scans were collected
for the CP array experiment of M. smegmatis mAGP. 16,384 scans were collected for the CP
array experiment of M. abscessus mAGP.

Results and discussion

Spectral assignment of M. smegmatis mAGP complex components from natural
abundance 3C CPMAS NMR

The first step in cell-wall analysis for mycobacteria involves isolation of mAGP. In
biochemical studies, this is usually followed by extensive chemical and enzymatic digestions
to separate components and partially solubilize components into low molecular weight
species for analysis, typically by liquid chromatography mass spectrometry [25]. The

still insoluble high molecular weight material that remains is not accounted for in these
conventional approaches. We envisioned being able to isolate mAGP and directly compare
the 13C CPMAS NMR spectrum of mAGP with spectra of isolated constituent parts, namely
PG, AG, and MA, to report on cell-wall composition and to provide a powerful approach for
the direct comparison of different mAGP complexes.

13C CPMAS spectra of isolated mMAGP from M. smegmatis harvested at different cell
densities were nearly identical (Fig. 1B), indicating that the ratios of PG, AG, and MA are
constant for M. smegmatis during these time points in the exponential growth phase. Further
analysis was performed using mAGP isolated from cells harvested at the ODgqq of 3.0.
Individual carbon types in the mAGP CPMAS spectrum could be assigned according to the
chemical shifts consistent with the chemical structure of each component, as annotated in
Fig. 1C. Furthermore, for additional power in direct spectroscopic comparisons, we removed
the MA through alkaline hydrolysis to leave behind the insoluble AGP [42]. As anticipated,
this AGP sample spectrum lacks the salient MA methylene intensity near 30 ppm and the
sharp lipid alkene contributions at 130 ppm that are features of unsaturated MA in M.
smegmatis and observed in the full mMAGP spectrum (Fig. 1C).

To further analyze the AGP spectrum, we isolated PG which can be obtained in good

yield. PG is the only mAGP component containing amino acids. The PG spectrum contains
chemical shifts consistent with amino acid intensities (carbonyl and Ca carbons) and the
N-acetylglucosamine and N-acetylmuramic acid sugar backbone intensities (Fig. 1D) [20].
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The difference in intensity between the AGP and the PG spectrum is consistent with

our expectations of isolated AG. The required acid hydrolysis to release AG from AGP
complexes resulted in too low a yield of AG to directly evaluate by CPMAS. Thus, to
further explore the spectra, a theoretical spectrum of AG was obtained by subtracting the

PG spectrum from the AGP spectrum. We compared this spectral subtraction with a CPMAS
spectrum of the only type of commercially available AG sample, which is obtained from

a plant. In this case, we obtained an experimental CPMAS spectrum of the commonly
studied Larchwood AG (Fig. S1). The AGP-PG difference spectrum and the Larchwood AG
spectrum contained two similar broad peaks, one associated with anomeric carbons (100 to
110 ppm) and the other with major polysaccharide carbons in AG (60 to 80 ppm). There

is a general difference in the span of these two regions between each sample due to the
differences in sugars present in plant and microbial arabinogalactan and possible variation in
intermolecular packing patterns between mycobacteria and Larchwood AG [21,45]. Similar
differences have been characterized in highly studied cellulose samples from plants and
various microorganisms [46]. Overall, through comparison of the M. smegmatis mAGP,
AGP, and PG spectra, we were able to identify each component in the mAGP spectrum (Fig.
1C).

Characterization of cross polarization for mAGP and PG complexes

The CPMAS NMR spectra in Fig. 1 highlight the power in using natural abundance 13C
CPMAS to examine cell walls and mAGP components in mycobacteria, adding to numerous
examples in other complex and heterogeneous biological solids since the introduction of
CPMAS NMR almost 50 years ago [43]. Towards our next goal of using CPMAS NMR
spectra to estimate the relative abundance of mAGP components in mAGP samples, we
characterized the cross polarization behavior of carbons in the mAGP spectrum through
quantitative CP array analysis. In particular, one wants to evaluate whether distinct carbons
within a sample or certain carbons in the context of different samples exhibit comparable
CP behavior or might differ dramatically in the extents of CP efficiency from 1H nuclei to
13C nuclei, /.e. the buildup of magnetization, and/or in the relaxation dictated by T1p(H), the
proton spin—lattice relaxation time in the rotating frame [47,48]. For well behaved biological
solids, the CP array experiment is also often used to determine absolute peak intensities

or peak areas of individual chemically shift resolved carbon contributions within a single
spectrum [48]. The multiCP pulse sequence has also been used for this purpose [49].

Spectra of M. smegmatis mAGP obtained with different CP times exhibited a typical
increase and slow decrease in signal intensity for carbons across the spectrum (Fig. 1E),
similar to our published results with comparable types of lyophilized biological solids,
including mixed peptide-glycan composites present in bacterial cell walls, extracellular
matrix materials, and butterfly chrysalides [35,39,50]. Peak intensities for shift-resolved
carbons revealed comparable slopes of decay, revealing similar T1,(H) relaxation for mAGP
carbons (Fig. 1F).
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Bottom-up reconstitution and estimation of PG, AG, and ma contributions to the M.
smegmatis mAGP complex

We performed a reconstitution analysis using a bottom-up “sum-of-the-parts” approach
[29,35,36] for the M. smegmatis mAGP. We sought a semi-quantitative estimation of each
component in the actual /n7 sitt mAGP complex without digestions and loss of constituents
as is inevitable for biochemical analysis. For the individual “parts,” we obtained 13C
CPMAS spectra of the PG we isolated from M. smegmats, commercially available AG
from Larchwood, and commercially available MA from M. tuberculosis (Fig. 2A). The M.
tuberculosis MA spectrum lacks the unsaturation (alkenes) present in the M. smegmatis
mAGP spectrum due to differences in MA composition [51]. As also noted above, the
Larchwood AG chemical shifts are slightly shifted from those we attributed to AG in

the mAGP spectrum. We normalized each component spectrum according to its mass and
accounted for the scaling necessary to obtain a spectral sum that closely recapitulated the
CPMAS spectrum of the M. smegmatis mAGP introduced above (Fig. 2B). A reasonable fit
of the spectral sum to the nearest increment of 5% was obtained with mass scaling of 13C
spectra as: 50% PG, 20% AG, and 30% MA (Fig. 2B). Notably, the reconstitution shows
comparable intensities for the major PG-associated peaks, /.., the carbonyls centered at
175 ppm, the Ca contributions (50-60 ppm), and AG carbons (near to 80 ppm, noting the
shift between Larchwood and mycobacteria). It is challenging to determine a definitive error
margin for this percent carbon intensity analysis. However, we compare the result with two
additional reconstitutions to show the clear differences in the scaled sums and poor fit of
other ratios to the mAGP complex. The scaled sum using equal contributions of 33.3% PG,
33.3% AG, and 33.3% MA (Fig. S2A) does not yield enough intensity in the PG carbonyl
(175 ppm) and Ca regions (50-60 ppm). In another example, the scaled sum of 40% PG,
40% AG, and 20% MA (Fig. S2B) also did not produce enough signal intensity for the PG
carbons or for the aliphatic carbons in MA (30 ppm). Thus, PG must be present in greater
abundance in mAGP and our most reasonable fit was obtained with 50% PG, 20% AG, and
30% MA (Fig. 2B).

Comparison of mMAGP from M. abscessus and from M. smegmatis

We directly compared the 13C CPMAS spectra of isolated mAGP from two mycobacterial
species, M. abscessus, which is the most difficult NTM infection to treat especially in
COPD, and M. smegmatis. There was a detectable decrease in the contributions of MA and
a more significant decrease in that of PG in mAGP isolated from M. abscessus compared to
M. smegmatis (Fig. 3A). Quantitative CP array analysis revealed comparable CP behavior
of carbons in the M. abscessus mAGP as in the M. smegmatis mAGP (Fig. 1F and S3);

of selected key carbons (carbonyls) in PG isolated from M. smegmatis as compared to the
mMAGP sample; and of methylene carbons in MA isolated from M. tuberculosis as compared
to the mAGP sample (Fig. S4). Using the reconstitution analysis of cell-wall parts, we show
that the 13C CPMAS mAGP spectrum of M. abscessus is achieved with mass percentages
of 35% PG, 35% AG, and 30% MA, rounded to the nearest 5% (Fig. 3B). The variations in
AG and PG levels between M. abscessusand M. smegmatis may underlie different antibiotic
sensitivities when other commonly attributed biochemical differences do not appear to be
responsible. Future work will be directed to building more comparisons between different
strains, growth conditions, and antibiotic treatments.
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Antibiotic modes of action through whole-cell NMR

We previously demonstrated great power in evaluating the modes of action of antibiotics
against the Gram-positive pathogen S. aureus through whole-cell NMR to evaluate the
direct compositional changes in carbon pools observed in antibiotic-treated cells [52]. For
example, cell-wall inhibitors such as vancomycin resulted in reduced cell-wall content

and revealed reductions in nucleotide pools due to catabolism attributed to metabolic
stress and routing to PG precursors [30,35,52, 53]. This approach had also revealed
unanticipated compensation of cells under the stress of cell-wall inhibitor treatment.
Specifically, tunicamycin is known to inhibit the biosynthesis of teichoic acid. We observed
reduced teichoic acid content, but also increased peptidoglycan content, potentially as cells
attempted to compensate for reduced cell-wall integrity from loss of teichoic acid [35].
Here, we sought to determine whether whole-cell NMR of mycobacteria would similarly
be sensitive to revealing the influence of antibiotics. We employed vancomycin, which
also Kills mycobacteria, and isoniazid, which is a common antibiotic used in mycobacterial
infection treatment regimens.

Vancomycin exerts its influence through binding uncrosslinked p-Ala-p-Ala-termini of
immature PG and Lipid Il PG precursors still associated with the cell membrane.

This activity sequesters Lipid Il and prevents incorporation of PG precursors, vis-a-

vis transglycosylation, into growing PG strands [54]. The 13C CPMAS spectrum of
vancomycin-treated M. smegmatis whole cells revealed a significant decrease in cell-wall
contributions, similar to that observed for S. aureus [52]. In M. smegmatis, we see
reductions attributed to PG and AG (which would be attached to PG) (Fig. 4A). We also
investigated the influence of isoniazid treatment. Isoniazid inhibits mycolic acid synthesis
[55]. As anticipated, we observed signal diminution for aliphatic carbons in MA compared
to the untreated control (Fig. 4B). In addition, we observed an increase in intensity at 70
ppm, consistent with an accumulation of trehalose, a documented effect of isoniazid on
mycobacteria [56]. In summary, these spectral benchmarks provide non-invasive spectral
reporting of carbon composition to shed light on the whole-cell influence of antibiotics.

Conclusions and future perspectives

Clinical treatment of TB and NTM infections requires prolonged combination drug therapy.
Monotherapy cannot be employed to treat disease because of the high probability of
inducing drug resistance. Consequently, it is essential that several drugs be administered
concurrently to maximize sterilizing conditions. Historically, this has been achieved by
administering multiple drugs orally. However, with limited options for improved treatment,
and an absence of a robust pipeline of new drugs, new strategies are urgently needed

in new drug discovery and in optimizing dosage and combinations of currently available
therapeutics. The urgency of this grand challenge motivates the deployment of new
analytical approaches to measure and quantify composition of mycobacterial cell walls and
evaluate how composition actually changes through combination treatments for different
lengths of time. This could contribute new knowledge for considering and identifying
preferred antibiotic combinations. The cell wall provides mycobacteria a formidable
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protective barrier, but also presents a tremendous therapeutic opportunity as the Achilles
heel of mycobacterial survival and persistence in the host.

We have introduced an approach to directly measure mycobacterial cell-wall composition
through non-invasive natural abundance 13C CPMAS detection of mMAGP. We report on

the first quantitative determination of the composition of M. smegmatisand M. abscessus
cell-wall envelope using a bottom-up reconstitution approach. Our NMR analysis allowed
us to understand the composition of the mycobacterial cell-wall complex at the individual
component level and extend this knowledge to intact whole cells, which is otherwise
challenging to analyze. Importantly, mAGP spectra of M. abscessus revealed significantly
more AG and less PG in mAGP as compared to M. smegmatis. M. abscessus is the most
difficult NTM infection to treat, especially in COPD, and this definitive conclusion on
cell-wall composition will guide new experiments to test hypotheses regarding possible
correlations of the AG-to-PG ratio and antibiotic susceptibilities. Future work will examine
additional strains and species of the Mycobacteriaceae family to fully map compositional
profiles and connect these with antibiotic susceptibilities. We also revealed that solid-state
NMR has the potential to allow direct comparisons of the effects of antibiotics, providing
holistic atomic-level compositional insight accompanying antibiotic activity in whole cells.
In conclusion, our results position solid-state NMR as a powerful tool to detect and define
cell-wall composition of mycobacteria and to evaluate the molecular influence of antibiotics
by cell-wall and whole-cell NMR.
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(A) Mycobacterial cell-wall compositions. (B) 13C CPMAS spectra of mMAGP from M.
smegmatisat OD 1.7, OD 3.0, and OD 5.2. Inset shows the growth curve of M. smegmatis
in Middlebrook 7H9 Broth with 0.2% glycerol, 10% ADC enrichment and 0.05% Tween-80.
(C) 13C CPMAS spectra comparison of M. smegmatis mAGP from cells harvested at OD
3.0, and the isolated AGP after removal of MA. (D) 13C CPMAS spectral comparison of M.
smegmatis AGP and PG isolated from cells harvested at OD 3.0. Each spectrum is the result
of 40,960 scans with sample masses of 22.3 mg mAGP and 7.7 mg PG. (E) 13C CPMAS
spectral comparison of M. smegmatis mAGP harvested at OD 1.0 with spectra acquired as a
function of CP time (10.7 mg, 8192 scans each spectrum). (F) Quantitative CP array plot of
selected peak intensities of M. smegmatis mAGP spectra obtained as a function of CP time.
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Fig. 2.
(A) 13C CPMAS spectra of pure MA from M. tuberculosis (15.3 mg), AG from Larchwood

(28.2 mg), and PG isolated from M. smegmatis (7.7 mg). (B) 13C CPMAS spectrum of M.
smegmatis mAGP from cells harvested at OD 1.0, and a reconstituted spectrum generated by
adding 50% PG, 20% AG, and 30% AG from spectra in Fig. 2A. Each spectrum is the result
of 40,960 scans.
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(A) 13C CPMAS spectra of MAGP from M. smegmatis at OD 1.0 (24.5 mg), and mAGP
from M. abscessus at OD 0.92 (10.3 mg). (B) 13C CPMAS spectral overlay of the M.
abscessus mAGP and a reconstituted spectrum generated by adding 35% PG, 35% AG, and
30% MA from spectra in Fig. 2A. Each spectrum is the result of 40,960 scans.
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Fig. 4.

(A?) CPMAS spectra of untreated M. smegmatis whole cells (OD 0.41, 31.3 mg) and
vancomycin (80 uM, 10xMIC) treated M. smegmatis whole cells after 8 h (treated at OD
0.58, harvested at OD 0.53, 50 mg). (B) CPMAS spectra of untreated M. smegmatis (OD
0.94, 57.9 mg) and isoniazid-treated (80 ug/mL, 10xMIC) whole cells after 8 h (treated at
OD 0.54, harvested at OD 1.6, 46 mg). Each spectrum is the result of 40,960 scans.
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