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Abstract

In mycobacteria, the glucose-based disaccharide trehalose cycles between the
cytoplasm, where it is a stress protectant and carbon source, and the cell envelope, where it is
released as a by-product of outer mycomembrane glycan biosynthesis and turnover. Trehalose
recycling via the LpqY-SugABC transporter promotes virulence, antibiotic recalcitrance, and
efficient adaptation to nutrient deprivation. The source(s) of trehalose and the regulation of
recycling under these and other stressors are unclear. A key technical gap in addressing these
questions has been the inability to trace trehalose recycling in situ, directly from its site of
liberation from the cell envelope. Here we describe a “cascading” chemical reporter that
simultaneously marks mycomembrane biosynthesis and subsequent trehalose recycling with
alkyne and azide groups. Using this probe, we discovered that the recycling efficiency for
trehalose increases upon carbon starvation, concomitant with an increase in LpqY-SugABC
expression. The ability of the cascading reporter to probe multiple, linked steps provides a more

holistic understanding of mycobacterial cell envelope metabolism and its plasticity under stress.



Main Text and Figures

Mycobacterium is a genus that includes several notorious human and animal pathogens,
among them M. tuberculosis. These organisms have a distinctive cell envelope featuring a thick
and hydrophobic outer membrane, called the mycomembrane, which not only protects against
antibiotics and environmental stresses, but also harbors various immunoactive glycolipids’-2.
Biosynthesis of the mycomembrane (Fig. 1A) is mediated by the non-mammalian disaccharide
trehalose, which in the form of trehalose monomycolate (TMM) carries long-chain mycolic acids
(MAs) from the cytoplasm to the periplasm. In the periplasm, TMM donates MAs to sugar
acceptors, generating the major mycomembrane components trehalose dimycolate (TDM) and
arabinogalactan-linked mycolate (AGM)®. These reactions, which are catalyzed by antigen 85
(Ag85) mycoloyltransferases, also produce free trehalose, which is recycled by the transporter
LpqY-SugABC and then used to regenerate TMM'%11. Trehalose is also liberated indirectly, by
TDM hydrolase (Tdmh”:'-13), Recycled trehalose can be used in central carbon metabolism, as
a stress protectant, or directly, in cell surface glycoconjugates such as TMM'4'7. The recycling
of extracytoplasmic trehalose contributes to survival of mycobacteria in macrophages, mice and
antibiotics'%'"1® and promotes resilience to stress under nutrient-limited conditions'"-'”. Since
trehalose is released as a by-product of outer mycomembrane glycan biosynthesis or turnover,
and enhanced turnover occurs under different stress conditions”'31519 the source of
extracytoplasmic trehalose has been assumed to be turnover'®. We recently demonstrated that
mycomembrane remodeling in carbon-limited M. smegmatis and M. tuberculosis comprises
synthesis in addition to turnover', a surprising result given the resource and energy
requirements of catabolism. Whether mycomembrane biosynthesis can serve as a source of

trehalose for recycling is an open question.
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Figure 1. (A) Mycomembrane metabolism. Routes of probe incorporation are shown in blue and red. (B) Chemical
reporters used in this study and synthesis of the new cascading reporter TMM-CCR (3). Colors correlate reporter
group to proposed incorporation route in (A).

Chemical strategies for modifying the bacterial cell surface have a range of applications,
including detecting and profiling bacterial cell envelope components, modulating the
immunogenicity of the bacterium, and delivering diagnostic or therapeutic chemical cargo
specifically to the bacterium?%-23, Many of these strategies involve metabolic labeling of an

envelope component (e.g., glycan, lipid, or protein) with a bioorthogonal functional group,



followed by chemoselective reaction to functionally modify the cell-surface component. Chemical
reporters based on biosynthetic precursors for peptidoglycan, lipopolysaccharide, teichoic acids,
bacterial glycoproteins, and other components have been valuable tools for studying the cell
envelopes of Gram-negative and Gram-positive bacteria?*25.

We and others have exploited trehalose-mediated mycomembrane construction to create
trehalose-based reporters for modifying the cell surface of mycobacteria (Fig. 1B)?5-28. Following
the publication of a fluorescent trehalose analogue that labels mycobacteria via Ag8528, azide-
modified trehalose (TreAz) analogues such as 6-TreAz (1) were reported to incorporate into the
mycomembrane by LpqY-SugABC-mediated uptake and subsequent elaboration to azide-
modified trehalose glycolipids, which can then be functionalized via click chemistry?’. More
recently, we developed TMM-based reporters, including O-AIkTMM (Fig. 1B, (2)) and related
structures, which deliver bioorthogonal groups to MA acceptors—predominantly the abundant
glycolipid AGM, and to a lesser extent trehalose glycolipids and (in some organisms) O-
mycoloylated proteins?®2%-31, These and other reporters'23233 are specific for isolated steps of
the mycomembrane assembly cycle, e.g. Ag85 activity, Tdmh activity, and recycling/TMM
synthesis activity. As with other metabolic labeling methods, mycomembrane probes are
delivered exogenously, to the outside of cells, likely far in excess of what the bacterium would
normally produce and/or incorporate on its own.

Here, we sought to develop a mycomembrane probe that could report multiple, linked
steps of mycobacterial mycomembrane metabolism. We designed a bifunctional chemical
reporter 6-azido-6-deoxy-6’-O-(6’-heptynoyl)-a,a-D-trehalose (Fig. 1B, TMM-CCR (3)) that
exploits multiple steps in mycomembrane construction to deliver orthogonal alkyne and azide
functionalities to the cell surface. We hypothesized that the TMM-mimicking “cascading”
chemical reporter TMM-CCR (3) would first undergo Ag85-mediated transfer of its heptynoyl

chain to MA acceptors, in the process releasing 6-TreAz (1), which would then undergo inside-



out incorporation into new TMM via the LpgY-SugABC recycling pathway (Fig. 1A). We
anticipated that in situ delivery of biosynthetically-derived trehalose, in turn, would enable us to
monitor stress-induced recycling in a more precise, physiologically-relevant manner.

The target molecule TMM-CCR (3) was chemically synthesized from 6-TreAz (Fig. 1B).
To expose the 6-OH group of 6-TreAz for later acylation, it was subjected to per-O-
trimethylsilylation followed by regioselective 6-O-monodesilylation using potassium carbonate in
methanol (50% over two steps). Next, alcohol 4 was acylated with heptynoic acid in the presence
of DCC and DMAP (81%). Global desilylation with H* resin yielded 3 (99%), whose structure
and purity were established by NMR and MS. "H NMR showed downfield-shifted absorptions for
the 6’-position hydrogen nuclei, confirming that esterification occurred at the desired site
(Supporting Information).

We carried out initial metabolic labeling experiments in M. smegmatis, a fast-growing,
non-pathogenic organism that is commonly used to model aspects of the mycobacterial cell
envelope. First, we tested whether TMM-CCR (3) could efficiently deliver both alkynes and
azides to the cell surface. M. smegmatis was cultured in 50 yM 6-TreAz (1), O-AIkTMM (2),
TMM-CCR (3), or left untreated. Cells were washed, fixed, and subjected to standard copper-
catalyzed alkyne-azide cycloaddition (CUAAC) to detect incorporated alkynes or azides. Flow
cytometry analysis of the labeled cells showed that 6-TreAz and O-AIKTMM were only detected
upon CuAAC with carboxyrhodamine 100 alkyne or azide, respectively (Fig. 2A). By contrast,
bifunctional reporter TMM-CCR was labeled with fluorophore appended to either functional
group, confirming its ability to dual-label the cell surface. Labeling by TMM-CCR was ~35-40%
of either 6-TreAz or O-AIkTMM alone (Fig. 2A). These data imply that (/) the azide moiety on
TMM-CCR decreases TMM-CCR uptake relative to O-AIkTMM and/or O-AlkTMM incorporation
by Ag85 but (i) once 6-TreAz is released by Ag85 from TMM-CCR, it is efficiently internalized

and incorporated onto the cell surface.
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Figure 2. Two-step incorporation of cascading reporter TMM-CCR into the M. smegmatis mycomembrane. (A)
Labeling of wild-type (WT) M. smegmatis with 50 uM O-AIkTMM, 6-TreAz, or TMM-CCR for 15 min or ~10%
generation time. Alkynes and azides were respectively revealed by CuAAC reaction with complementary azido- or
alkynyl-carboxyrhodamine 110 fluorophores. Fluorescence was quantitated by flow cytometry. MFI, median
fluorescence intensity. Representative data from five independent experiments performed in triplicate are shown.
Inset, TMM-CCR labeling as a % of O-AIkTMM or 6-TreAz over the five experiments. (B) Loss of Ag85ACD
decreases both alkyne and azide signal from TMM-CCR. WT and Aag85ACD M. smegmatis were labeled with
TMM-CCR as in (A). Representative data from four independent experiments performed in triplicate are shown.
Inset, Aag85ACD labeling as a % of wild-type (WT) over the four experiments. (C) Time-dependence of alkyne-
and azide-derived labeling from TMM-CCR. Wild-type M. smegmatis was labeled with TMM-CCR as in Fig. 2A and
aliquots were taken at the indicated time points for CUAAC. Data from three independent experiments plotted. (D)
Azide but not alkyne signal from TMM-CCR is dependent on the presence of SugC. WT and AsugC M. smegmatis
were labeled as in Fig. 2A. Data (from three independent experiments performed in triplicate) for the mutant were
normalized to WT and expressed as fold-change. Statistical significance assessed by two-tailed Student’s t test.
ns, not significant (p>0.05). Error bars, standard deviation of technical or biological replicates as described above.

To test this presumption in more detail, we investigated the pathways by which TMM-
CCRincorporated into the cell surface. Pre-incubation of M. smegmatis with ebselen, a cysteine-
reactive inhibitor of Ag85 activity?6-34, decreased alkyne-derived signal from TMM-CCR as
expected (Fig. S1, Supporting Information). However, the azide-derived signal remained
unaffected. Although we do not yet understand why 6-TreAz signal does not decline in the
presence of ebselen, we hypothesized that there may be compensatory changes in the presence
of cysteine-reactive ebselen that could enhance 6-TreAz recovery. Therefore, we compared
TMM-CCR labeling in wild-type and AAg85-ACD (AMSMEG_6396-6399) M. smegmatis, which
lacks three out of five Ag85 enzymes32. Both azide- and alkyne-dependent labeling decreased
in the mutant strain (Fig. 2B). We next monitored TMM-CCR labeling kinetics in wild-type M.

smegmatis and found that azide-derived signal lagged alkyne-derived signal at early time points



(Fig. 2C). These experiments, coupled with extensive literature data characterizing similar TMM-
based reporters,2%35-39 support the idea that transfer of the alkyne-terminated acyl chain of TMM-
CCR to acceptor molecules, such as arabinogalactan, is catalyzed by Ag85, which in turn
liberates 6-TreAz for subsequent incorporation into the mycobacterial cell surface.

Exogenously-added 6-TreAz is recycled by the LpqY-SugABC transporter prior to M.
smegmatis cell surface incorporation?’. Therefore, we predicted that labeling by the 6-TreAz
released upon the alkyne-terminated acyl chain transfer of TMM-CCR would similarly depend
on LpqY-SugABC. We compared TMM-CCR labeling in wild-type and AsugC M. smegmatis,
which lacks a functional trehalose transporter?’. Only the azide-dependent labeling decreased
in the mutant strain (Fig. 2D). These data further support the hypothesis that TMM-CCR
undergoes Ag85-mediated alkyne incorporation on the cell surface, thus unmasking 6-TreAz,
which then traverses the LpqY-SugABC - Pks13/CmrA - MmpL3 pathway to incorporate into
surface TMM from the inside-out?’.

After confirming that bifunctional reporter TMM-CCR efficiently delivers alkynes and
azides to the mycomembrane through the expected biosynthetic pathways, we next sought to
demonstrate its utility in simultaneous visualization of mycomembrane biosynthesis, marked by
its alkyne moiety, and biosynthesis-dependent trehalose recycling, marked by its azide moiety.
Mycobacteria are rod-shaped cells that grow from their poles#®#'. We and others have shown
that cell envelope metabolism, including that of the mycomembrane?64?, occurs primarily at
these sites*30, To determine whether TMM-CCR labeling marks active mycomembrane
metabolism in M. tuberculosis, we first tested whether labeling by the individual O-AIkTMM and
6-TreAz probes was like that of M. smegmatis?®-2742, As in M. smegmatis, labeling with the single
probes primarily occurred at the poles of M. tuberculosis (Fig. 3A). Alkyne- and azide-dependent
labeling with TMM-CCR also occurred at the poles (Figs. 3A, 3B). Unexpectedly, however,

labeling was not spatially coincident. These data suggest that the subcellular sites of Ag85-



dependent mycomembrane biosynthesis and trehalose release (O-AlkTMM labeling) are distinct
from the sites of trehalose recycling-dependent TMM biosynthesis (6-TreAz labeling) and
highlight the ability of TMM-CCR to illuminate multiple, linked steps in mycomembrane
metabolism in single M. tuberculosis cells.

A O-AIKTMM (50 pM) 6-TreAz (50 pM) B TMM-CCR (500 puM)

~

No probe TMM-CCR (50 pM)

Figure 3. Log-phase AleuD ApanCD M. tuberculosis (see Supporting Information) was labeled or not overnight with
(A) 50 uM of O-AIKTMM, 6-TreAz, or TMM-CCR, or with (B) 500 yM TMM-CCR. After washing, bacteria were fixed
in 4% formaldehyde at -20 °C overnight then subjected to successive rounds of CUAAC, the first with 5-TAMRA
alkyne, and the second with carboxyrhodamine 110 azide, with washes in between.

We recently demonstrated that non-replicating, carbon-starved M. smegmatis and M.
tuberculosis continue to synthesize AGM'!. We hypothesized that this final, Ag85-mediated step
of mycomembrane catabolism serves as a source of trehalose under these conditions, likely in
addition to TDM turnover that we and others have shown occurs in response to various
stressors’ 1113151719 Tq test this hypothesis, we cultured M. smegmatis in high or low carbon
media and briefly labeled with TMM-CCR. The proportion of azide-dependent signal (6-TreAz-
marked trehalose recycling) compared to alkyne-dependent signal (O-AlkTMM-marked AGM

biosynthesis) was elevated under carbon-limited conditions (Figs. 4A). This experiment



suggested that a greater proportion of the trehalose liberated from Ag85 activity was recycled
upon adaptation to carbon limitation. We next investigated the kinetics of adaptation by
transferring M. smegmatis from high glucose medium to medium lacking glucose and monitoring
azide- and alkyne-derived fluorescence over time. We used M. smegmatis pre-adapted to low
glucose as a control. Compared to that of pre-adapted M. smegmatis, the azide:alkyne ratio of
M. smegmatis that had been cultured in high glucose prior to transfer increased in the first hour
after transfer and plateaued thereafter (Fig. 4B). These data suggest that the efficiency of

trehalose capture from AGM biosynthesis increases as M. smegmatis adapts to carbon-limited

conditions.
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Figure 4. Increased efficiency of trehalose capture from mycomembrane synthesis under glucose limitation. (A) M.
smegmatis cultured in 0.02% (carbon-poor) or 2% (carbon-rich) glucose as in'' was labeled with TMM-CCR as in
Fig. 2A except that the bacteria were transferred briefly to no-glucose medium to avoid artifactual suppression of
O-AIkTMM incorporation into AGM''. Data for the azide-derived fluorescence were normalized to alkyne-derived
fluorescence (“trehalose capture”) and expressed as fold-change from four independent experiments performed in
duplicate or triplicate. (B) Rapid increase in trehalose recycling upon adaptation to carbon limitation. M. smegmatis
cultured in low or high glucose as in Fig. 3A was washed, transferred to no-glucose medium, and labeled with TMM-
CCR at indicated time points. Data for the azide-derived fluorescence were normalized to alkyne-derived
fluorescence (“trehalose capture”), and data for trehalose capture from carbon-rich M. smegmatis were further
normalized to M. smegmatis that had been pre-adapted, i.e., cultured in carbon-poor medium prior to transfer. Data
combined from five independent experiments. Each time point is from 1, 2, or 3 of the independent experiments.
(C) The expression of trehalose transporter genes sugC and IpqY is higher in carbon-poor conditions. Expression
monitored by qRT-PCR for M. smegmatis cultured in low or high glucose as in Fig. 3A. Data for carbon-limited M.

smegmatis normalized to M. smegmatis cultured in high glucose. Error bars, standard deviation of independent
experiments.

Increased recycling could reflect changes in the efficiency or abundance of the LpqY-
SugABC transporter. While we have not ruled out the former, the timing of adaptation suggested
a role for enhanced transcription/translation of the transporter genes'®3'. Accordingly, we

monitored the mRNA levels of trehalose transporter genes sugC and IpqY by qRT-PCR.
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Consistent with our hypothesis, we found that the relative expression of trehalose transporter
increases under carbon limitation (Fig. 4C). As expression of bacterial carbohydrate transporters
can be induced by their substrates5253, enhanced expression of LpqY-SugABC is also consistent
with mycomembrane turnover, which we previously showed occurs in response to carbon
limitation and liberates trehalose''. Taken together, these data support a model in which
mycobacteria make mycomembrane biosynthesis more efficient under carbon limitation by
increasing the expression of LpqY-SugABC and extracting a greater proportion of the trehalose
by-product.

M. tuberculosis is a pathogen that survives for decades in the hostile, carbohydrate-poor
environment of its human host. llluminating the mechanisms by which mycobacteria survive
under stressful conditions has the potential to identify new targets for treatment. Trehalose
recycling is known to support mycobacterial survival under stress’®1".18 but the source of
extracellular trehalose in what are presumably slow or non-growing organisms has not been
directly characterized, e.g. Ag85-mediated biosynthesis or Tdmh-dependent turnover of the
mycomembrane. While metabolic labeling can report on trehalose recycling?’, external, in-
excess delivery of such probes may or may not recapitulate native flux through the pathway. As
well, such strategies do not provide information on the provenance of the free trehalose. Here
we addressed this technical gap by synthesizing TMM-CCR, a cascading probe that reports
trehalose recycling directly from one of its potential sources, as a by-product of mycomembrane
biosynthesis. To our knowledge, this is the first example of a probe that marks multiple metabolic
processes with distinct functional groups, i.e., alkyne for cell envelope biosynthesis and azide
for cell envelope recycling. Using TMM-CCR, we showed that recycling of biosynthesis-derived
trehalose increases under carbon starvation and is likely enabled by increased expression of the
transporter. The biosynthetic origin of the recycled trehalose is surprising as de novo expansion

of the bacterial surface is usually equated with cell replication. While we do not yet know why

11



carbon-limited M. smegmatis and M. tuberculosis continue to synthesize mycomembrane, we
previously showed that synthesis is part of an overall program of remodeling that also includes
turnover and correlates with decreased permeability’’. Enhanced capture of remodeling by-

products enables mycobacteria to “waste not” under unfavorable conditions.

Supporting Information

Supplementary figures, experimental details, and NMR spectra for synthetic compounds.
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