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ABSTRACT Bacteria have remarkable mechanisms to survive severe external stresses,
and one of the most enigmatic is the nonreplicative persistent (NRP) state. Practically,
NRP bacteria are difficult to treat, and so inhibiting the proteins underlying this survival
state may render such bacteria more susceptible to external stresses, including antibiot-
ics. Unfortunately, we know little about the proteins and mechanisms conferring survival
through the NRP state. Here, we report that a universal stress protein (Usp) is a primary
regulator of bacterial survival through the NRP state in Micrococcus luteus NCTC 2665, a
biosafety level 1 (BSL1) mycobacterial relative. Usps are widely conserved, and bacteria,
including Mycobacterium tuberculosis, Mycobacterium smegmatis, and Escherichia coli,
have multiple paralogs with overlapping functions that have obscured their functional
roles. A kanamycin resistance cassette inserted into the M. luteus universal stress protein
A 616 gene (AuspA616:kan M. luteus) ablates the UspA616 protein and drastically im-
pairs M. luteus survival under even short-term starvation (survival, 83% wild type versus
32% AuspA616:kan M. luteus) and hypoxia (survival, 96% wild type versus 48%
AuspA616:kan M. luteus). We observed no detrimental UspA616 knockout pheno-
type in logarithmic growth. Proteomics demonstrated statistically significant log-
phase upregulation of glyoxylate pathway enzymes isocitrate lyase and malate
synthase in AuspA616:kan M. luteus. We note that these enzymes and the M. tu-
berculosis UspA616 homolog (Rv2623) are important in M. tuberculosis virulence
and chronic infection, suggesting that Usps are important stress proteins across
diverse bacterial species. We propose that UspA616 is a metabolic switch that
controls survival by regulating the glyoxylate shunt.

IMPORTANCE Bacteria tolerate severe external stresses, including antibiotics, through a
nonreplicative persistent (NRP) survival state, yet the proteins regulating this survival
state are largely unknown. We show a specific universal stress protein (UspA616) con-
trols the NRP state in Micrococcus luteus. Usps are widely conserved across bacteria,
but their biological function(s) has remained elusive. UspA616 inactivation renders
M. luteus susceptible to stress: bacteria die instead of adapting through the NRP
state. UspA616 regulates malate synthase and isocitrate lyase, glyoxylate pathway
enzymes important for chronic Mycobacterium tuberculosis infection. These data
show that UspA616 regulates NRP stress survival in M. luteus and suggest a function
for homologous proteins in other bacteria. Importantly, inhibitors of UspA616 and
homologs may render NRP bacteria more susceptible to stresses, including current
antibiotics.

KEYWORDS universal stress protein, metabolism, stress response, glyoxylate shunt,
proteomics, latency, antibiotic resistance, antibiotic tolerance, metabolic regulation

acterial survival mechanisms are critical components of antibiotic resistance, which
is a recognized existential threat to populations worldwide (1-4). Resistance from
antibiotic-inactivating genes or mutation is well known (5, 6), but bacteria can also
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resist antibiotics through a poorly understood nonreplicative persistent (NRP) state,
which has been linked with viable-but-not-culturable (VBNC) and persister bacterial cell
populations (7-9). Recent studies suggest VBNC and persistence are a continuum of
bacterial survival states that coexist stochastically under stress (7, 10, 11). However,
studies show that NRP bacteria exhibit an altered metabolism, making them difficult to
treat (e.g., latent tuberculosis) (12, 13). Therefore, our research has focused on identi-
fying and targeting the poorly understood proteins and mechanisms that underlie NRP
survival to more effectively understand bacterial survival mechanisms and to combat
difficult-to-treat bacterial infections.

An enigmatic family of conserved stress response proteins, denoted universal
stress proteins (Usps), was discovered in Escherichia coli as a cytoplasmic 13.5-kDa
protein upregulated under starvation, redox, toxic metals, pH, and antibiotic
stresses (14-17). This protein family contains single-and two-domain variants and is
distributed widely in Gram-positive and Gram-negative bacteria, Archaea, and even
some invertebrates and plant species (18). Studies in NRP model bacteria Esche-
richia coli, Mycobacterium tuberculosis, and Mycobacterium smegmatis have failed to
identify the clear biological function(s) of Usps, likely because of multiple function-
ally redundant paralogs (14, 16, 18-21). For example, Micrococcus luteus has only
three universal stress protein (Usp) paralogs compared to six for E. coli, nine for M.
tuberculosis, and 14 for M. smegmatis. Current thinking suggests Usps have a
general protective role in stress responses.

Previously, we found a new link between NRP and a specific Usp (UspA616,
WP_010079616.1, Mlut_01830) in Micrococcus luteus NCTC 2665, a Gram-positive bio-
safety level 1 (BSL1) actinobacterial relative of Mycobacteria, including M. tuberculosis
and M. smegmatis (22). We hypothesized that a bacterial species with fewer paralogs
might provide more defined Usp knockout phenotypes, thus linking function to this
class of proteins (22). M. luteus is an ideal bacterial species to answer this question.
M. luteus has a reproducible quiescent (nonproliferative) state reminiscent of VBNC
and NRP states found in pathogenic Staphylococcus sp., Escherichia coli, Vibrio
cholerae, and M. tuberculosis (8, 23-27). The small 2.5-Mb genome (compared to the
M. tuberculosis genome at >4 Mb) suggests fewer M. luteus proteins and less
potential protein level redundancy than in other NRP model bacteria (28). For
example, M. luteus has only three UspA homologues (UspA184, WP_010080184.1,
Mlut_19290; UspA712, Wp_101179712, Mlut_00830; and UspA616, WP_010079616.1,
Mlut_01830). Importantly, our quantitative proteomics experiments identified only
UspA616 as upregulated in quiescent M. luteus (22). This specific protein is a
two-domain (tandem domains of class Ill/IV according to Tkaczuk et al. [29])
member of the Usp family and is conserved across diverse bacterial species at the
structure and sequence levels (see Fig. STA and B and S2 in the supplemental
material) (18, 29). Knockout of UspA616 in a M. luteus competition assay resulted in
a drastic loss of fitness upon starvation, supporting our hypothesis (30). UspA616 is
the homolog of M. tuberculosis Rv2623, a Usp important for virulence and chronic
infection in this pathogen in vivo (31). However, the association of Usps with
dormancy and latency has never been reported (18, 19).

Here, we show that UspA616 has a critical role for bacterial survival beyond any
general protective function. M. luteus without UspA616 loses NRP survival capacity
directly because of cell death under both starvation and hypoxia. Quantitative pro-
teomics identified that the glyoxylate shunt enzymes isocitrate lyase and malate
synthase are upregulated in the logarithmic phase by loss of UspA616 protein. These
data identify a novel biological function for this protein regulating a protein level
pathway required for bacterial survival through regulation of the tricarboxylic acid
(TCA) cycle and glyoxylate shunt proteins (Fig. 1) (32). We propose a new paradigm:
UspA616 is a molecular switch that “turns on” stress-responsive bacterial survival
programs at the protein level.
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FIG 1 A global stress model and molecular model for induction of bacterial tolerance to stress. Stress
induction initiates two integrated survival pathways at the transcriptional and protein levels. (Right)
Transcriptional regulation through DosR, two-component stringent response, and other transcriptional
regulators reorganizes bacterial gene expression to enhance stress survival but requires considerable
time to upregulate appropriate stress genes (long-term tolerance). (Left) Protein level reorganization
rapidly enhances short-term survival by switching metabolism from energy consumption to increased
synthesis of survival proteins and molecular species, leading to a potential lag-phase adaptation to stress
(short-term tolerance). We hypothesized that UspA616 protein is critical for this protein level reorgani-
zation and that inactivation of this protein results in cell death prior to acquiring longer-term stress
tolerance, which was supported by the data presented in this article.

RESULTS

Generation and confirmation of uspA616 knockout in M. luteus. The uspA616
gene (MLUT_RS12480, 1,323 bp) was inactivated by insertion of the pUCK4 kanamycin
resistance gene internal to the uspA616 gene (2,587 bp) and transformation/homolo-
gous recombination as previously reported (33, 34). Transformed M. luteus cells were
kanamycin resistant, and colony PCR analysis identified kanamycin insertion within the
uspA616 gene (2,587 bp) (see Fig. S3 in the supplemental material). Loss of UspA616
protein was supported by mass spectrometry, which identified the UspA616 peptide
EGVQALLEEVAGK in wild-type M. luteus but not in AuspA616:kan M. luteus [MH(+2) =
671.8643 atomic mass units (amu) monoisotopic] (Fig. S3 and supplemental spectra).
Whole-genome sequencing identified a single kanamycin resistance cassette inserted
only within the uspA616 gene sequence (Fig. S3). These data show complete and
specific knockout of both the uspA616 gene and the resulting UspA616 protein.

Control for genetic manipulation in bacterial stress experiments. We previously
evaluated knockout of the crtE carotenoid gene in M. luteus for developing a colori-
metric fitness assay (30). Genetic manipulations and the pUCK4 kanamycin resistance
cassette were identical for insertional inactivation of the uspA616 and crtE genes,
respectively. Fitness and survival deficits were not observed for crtE knockout but were
severe for the uspA616 knockout. Therefore, AuspA616::kan M. luteus starvation and
hypoxia phenotypes were attributed to insertional inactivation of the uspA616 gene
and ablation of the protein, not to the pUCK4 kanamycin cassette or genetic manip-
ulations.

AuspA616::kan M. luteus cannot survive nutrient starvation. M. luteus grown on
acetate minimal medium (AMM) grows in exponential phase (3 to 4 days) followed by
transition to a NRP state as observed by loss of CFU. This quiescent state is initiated
within hours of stationary phase and extends to =30 days, as previously observed (22,
35, 36). Wild-type and AuspA616::kan M. luteus strains were cultured in AMM to evaluate
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FIG 2 AuspA616:kan M. luteus cannot survive starvation. (a) Quiescence and viability of wild-type and AuspA616 M.
luteus under starvation conditions in acetate minimal medium (AMM) was measured by CFU for 15 days. AuspA616::
kan M. luteus demonstrated a significant advantage in logarithmic growth compared to that of wild-type M. luteus
but reduced viability after onset of starvation at days 4 through day 15. (b) Fluorescence microscopy using BacLight
(Thermo Scientific) differentiates viable (green) cells from cell death (red) based on cell membrane permeability. At
day 1 and day 5, the numbers of viable cells are not observably different between the wild type and AuspA616::kan
M. luteus, which correlates well with CFU data prior to onset of starvation. However, day 10 data show massive cell
death for AuspA616 M. luteus, demonstrating that the viability loss observed in CFU numbers is directly attributable
to a survival defect under starvation conditions. (c) Quantitation of the BacLight microscopy data using Image)
(NIH) demonstrated clear statistical significance for cell death of AuspA616 M. luteus compared to that of wild-type
bacteria. Wild-type M. luteus exhibited a modest loss from 78% viable cells at day 5 to 65% viable cells at day 10
(P = 0.004). In contrast, AuspA616 M. luteus exhibited 85% viability at day 5 followed by massive cell death by day
10 with <27% viability (P = 0.008). The small growth advantage observed in AuspA616::kan M. luteus in CFU
viability numbers in panel a was confirmed by these quantitative data (P = 0.034). All error bars reported are
standard errors of the means (SEMs).

growth and starvation phases as previously described (22). Initial experiments on the
AuspA616:kan M. luteus strain displayed an increase in logarithmic growth compared to
that of wild-type bacteria followed by more significant decline as measured by optical
density (data not shown). However, optical density does not measure cell culturability
or viability. Therefore, subsequent experiments measured CFU culturability and
fluorescence-based viability. CFU number supported an initial increase in culturability
for AuspA616::kan M. luteus (Fig. 2a, days 1 to 3) followed by a more rapid decline (Fig.
2a, days 4 to 15). These data showed the same trends as previously observed for
AuspA616:kan M. luteus, early logarithmic-phase growth enhancement followed by
nearly zero survival fitness upon starvation after 4 to 6 days (30). This logarithmic-phase
growth has important implications for the reported increased virulence phenotype in
M. tuberculosis and considered in our discussion (31). The loss of culturability in
AuspA616:kan M. luteus suggested increased cell death, which required LIVE/DEAD
fluorescence measurements (green, live; red, dead). LIVE/DEAD fluorescence demon-
strated high levels of viable bacteria (green cells) compared to that of the wild type in
logarithmic phase (Fig. 2b, day 1) and in early phases of starvation (Fig. 2b, day 5).
Quantitative analysis of these data also show enhanced logarithmic cell growth com-
pared to that of wild-type M. luteus (Fig. 2c). This situation drastically changed after
10 days, where AuspA616:kan M. luteus bacteria were no longer viable by visual
inspection and exhibited a 70% decrease in viability by quantitative measurements
compared to <20% for wild-type M. luteus (Fig. 2b, day 10, and c).
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FIG 3 AuspA616:kan M. luteus has impaired hypoxic stress response. (a) CFU numbers under hypoxic conditions for
AuspA616:kan M. luteus show reduced viability at all time points compared to that for wild-type M. luteus.
Importantly, the CFU numbers for wild-type M. luteus began to stabilize by day 15, whereas AuspA616::kan M. luteus
continued to rapidly lose viability. The dashed line at day 2 indicates the onset of hypoxia, as evident from loss of
methylene blue coloration (see Materials and Methods). (b) Fluorescence microscopy using BacLight (Thermo
Scientific) demonstrated viability differences between wild-type and AuspA616 M. luteus were attributable to
differences in survival similar to those observed under starvation conditions. (c) Quantitation of the BacLight
microscopy data for hypoxic cells demonstrated clear statistical significance for cell death of AuspA616:kan M.
luteus compared to that of wild-type bacteria. Wild-type M. luteus demonstrated no significant loss in percentage
of live cells from hypoxia (P = 0.402), while AuspA616 M. luteus demonstrated severe loss of living cells under these
same conditions (P = 0.0003). The data here and from Fig. 2 demonstrate that AuspA616:kan M. luteus has impaired
survival under starvation and hypoxia, both well-established stress models used for latency studies in M. tubercu-
losis. All error bars reported are SEMs.

These data demonstrate that AuspA616::kan M. luteus has a severe defect in survival
under starvation and corroborate our published competition experiments (30). usp
knockout experiments in E. coli or M. tuberculosis generated only modest in vitro
phenotypes, but we observed robust in vitro phenotypes for AuspA616:kan M. luteus
that correlated with the in vivo phenotype for Rv2623 knockout in M. tuberculosis (15,
21, 31). Therefore, the reduced redundancy in AuspA616:kan M. luteus simplified the
observation of the importance of Usps for stress survival, supporting our hypothesis
and suggesting that UspA616 homologs in other bacterial species may be important
targets for study.

AuspA616 M. luteus cannot survive hypoxia. Wild-type and AuspA616:kan M. luteus
strains were cultured in sealed tubes with limited air to rapidly deplete available oxygen
(37). Cultures contained Luria broth (LB) buffered to pH 7.4 to prevent starvation or pH
stress, thus isolating hypoxia for study. Oxygen depletion lower than 1% was monitored
by methylene blue (1.5 ng/ml) (38). Initial inoculation levels of bacteria were modestly
higher in the wild type than in AuspA616:kan M. luteus bacteria (Fig. 3a). However,
logarithmic growth was essentially identical prior to hypoxia at approximately 48 h.
After hypoxia, turbidity in AuspA616 M. luteus culture was reduced compared to that in
wild-type bacteria, and CFU measurements showed a rapid decline in culturability (Fig.
3a). As shown for starvation, LIVE/DEAD fluorescence viability visualization and quan-
titative measurements demonstrated impaired AuspA616::kan M. luteus hypoxic survival
(Fig. 3b and c). The fluorescence images in Fig. 3b for AuspA616::kan M. luteus at day 15
show high levels of yellow fluorescent cells that are likely in the process of cell death.
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These cells would exhibit both green and red fluorescence, leading to overestimation
of the number of live cells in quantitative measurements (Fig. 3c).

These data show that UspA616 protein is important for survival under hypoxic
conditions as well as under starvation, both primary stress models for M. tuberculosis
latency that upregulate the DosR stress-responsive transcription system (39). Not
surprisingly, Rv2623 in M. tuberculosis is a target of DosR-type transcription factors and
is upregulated under starvation and hypoxia (40-43). M. luteus has a similar two-
component system which has not been characterized in the stress responses to
starvation and hypoxia.

UspA616 regulates survival through the glyoxylate shunt. High levels of UspA616
were observed in the quiescent state by both accurate mass/retention time (AMT) and
normalized spectral abundance factor (NSAF) data (Fig. S4A), which corroborated the
severe deficits in starvation survival in AuspA616:kan M. luteus. We were able to
differentiate logarithmic and quiescent M. luteus cultures using AMT and NSAF quan-
titation (Fig. S4B). Global proteomics experiments in wild-type and AuspA616:kan M.
luteus identified important trends. Wild-type M. luteus showed increasing isocitrate
dehydrogenase and isocitrate lyase levels as starvation progressed but also increased
malate synthase only at day 5 (Fig. 4). As expected, we observed UspA616 at all time
points. In AuspA616::kan M. luteus, we found wild-type isocitrate dehydrogenase levels
but abnormally high levels of isocitrate lyase and malate synthase in early logarithmic
phase (Fig. 4) (22).

These data suggest a mechanism for rapid proliferation in logarithmic growth
followed by cell death in AuspA616::kan M. luteus. Increased malate synthase may be a
response to toxic levels of glyoxylate from high levels of isocitrate lyase in AuspA616::
kan M. luteus. High levels of both isocitrate lyase and malate synthase in early loga-
rithmic phase would enhance growth in AMM compared to that of wild-type bacteria
(Fig. 2a and ¢) (30). Critically, isocitrate lyase was retained and malate synthase was lost
after acetate was depleted at day 5. The loss of malate synthase during stress induction
of the NRP state at day 5 in AuspA616:kan M. luteus (Fig. 4) may increase cell death
upon starvation by glyoxylate toxicity, as previously observed in M. tuberculosis (44).

Molecular basis for starvation survival and quiescence in M. luteus. Previously,
we used normalized spectral abundance factor (NSAF) proteomics to measure protein
quantities in logarithmic and quiescent M. luteus cultures (22). We expanded this
analysis using targeted proteomics based on accurate mass/retention time (AMT)
(45-47). AMT required only the peak area from accurate parent masses and retention
time for effective quantitation. Of critical importance, the reduced complexity of the M.
luteus proteome (~2,200 open reading frames [ORFs]) enabled AMT to uniquely
identify and quantitate the peak areas of multiple proteins under study in both
logarithmic and quiescent M. luteus (see Table S1). Tandem mass spectrometry (MS/MS)
fragmentation assignment confirmed accurate identification of these peptides (supple-
mental spectra).

These quantitative data in logarithmic, quiescent, and AuspA616::kan M. luteus were
mapped to the TCA cycle and glyoxylate shunt (Fig. 5). Starvation survival through the
NRP state requires activation of two important biological processes: (i) glyoxylate shunt
bypass of carbon degradation/oxidation steps in the TCA cycle and (ii) upregulation of
stress survival proteins that control energy versus survival metabolism. These data
suggest that ablation of the UspA616 protein alone is sufficient to prevent the NRP
state and impair stress survival in M. luteus.

DISCUSSION

Nonreplicative persistent state. Our initial experiments in Micrococcus luteus were
focused on understanding this important bacterial survival mechanism in one of only
few bacterial species with a well-defined and reproducible NRP state (22, 30). Persis-
tence was first observed by failure of penicillin to sterilize Staphylococcus aureus
cultures (25). The NRP state was first described by Wayne in 1976 in microaerophilic
cultures of Mycobacterium tuberculosis (48). Since these descriptions, the NRP state has

December 2019 Volume 201 Issue 24 e00497-19

Journal of Bacteriology

jb.asm.org 6


https://jb.asm.org

A Universal Stress Protein Controls Stress Survival

Isocitrate Dehydrogenase Isocitrate Lyase
0.02 0.018 *%
o 0018 o 0016
O o.016 2 o.014
s ®
0.014
-.."é £ o012
§ 0.012 § 0.01
0.01
(<} T o0.008
L 0.008 Th
< < 0.006
o) 0.006 &
Z 008 2 0.004
0.002 0.002
0 - 0 .
Dayl Day5 Day10 Dayl Day5 Day10
Malate Synthase UspA616
0.007 0.007
*%* *%*
c 0006 S 0.006
-g 0.005 =
© & o.005
E o0.004 £
s & 0.004
S 0.003 * S
S O 5003 *% *%
o 0.002 &
f,r', 0.001 ) 0.002
2 P-4
0 = 0.001
iaylo
-0.001
o — — —
-0.002 Day1l Day5 Day10

WT M. luteus AUspA616 M. luteus =P <0.05 ** =P <0.01

FIG 4 Normalized spectral abundance factor (NSAF) quantitation for isocitrate dehydrogenase, isocitrate lyase, malate synthase,
and UspA616 proteins in wild-type and AuspA616::kan M. luteus. Wild-type and AuspA616::kan M. luteus strains were incubated in
acetate minimal medium and sampled at day 1 (logarithmic growth), day 5 (transition into quiescence), and day 10 (fully
quiescent) for proteomics analysis. Isocitrate dehydrogenase was progressively upregulated during transition to quiescence in
both wild-type and UspA616 knockout bacterial strains. Isocitrate lyase exhibited progressive upregulation from day 1 through day
10 in wild-type M. luteus. However, this protein was unusually upregulated in early logarithmic phase in AuspA616:kan M. luteus.
Malate synthase was observed at day 5 in wild-type M. luteus, but could not be reliably observed at day 1 or day 10. In
AuspA616:kan M. luteus, malate synthase was highly upregulated in early logarithmic growth, and almost completely downregu-
lated in the transition to quiescence. The upregulation of malate synthase and isocitrate lyase in wild-type M. luteus occurs at
precisely the time required for starvation survival responses. UspA616 was observed to be modestly increased at day 5 compared
to day 1 and day 10 in wild-type M. luteus. As expected, the UspA616 protein was never observed in AuspA616:kan M. luteus. All
error bars reported are SEMs.

been proposed for diverse pathogenic and nonpathogenic bacterial species (10, 49).
Phenotypic characteristics include the cessation of replication, reduction in metabolic
activity (but not necessarily cessation), morphological changes, and capacity to survive
potentially lethal external stresses, including starvation, hypoxia, host immunity, and
antibiotics (48, 50). In addition to these NRP phenotypes, M. luteus also has changes to
the entire protein complement of the NRP cell population (22). Diverse in vitro models
have been used to model the NRP state, the best studied being hypoxia and starvation
(23, 37, 51). However, it is unclear how these focused stress models replicate the
complex physiological conditions that cause the NRP state in pathogenic and non-
pathogenic bacteria in the environment (51). Implications for M. luteus experiments in
evaluating these limitations are considered below.

Importance of the glyoxylate shunt and acetate in survival. Upregulation of the
glyoxylate shunt would bypass isocitrate dehydrogenase and oxidative degradation of
carbon sources, rerouting metabolism to the synthesis of proteins and molecules, such
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FIG 5 A molecular model for induction of bacterial tolerance to stress through the glyoxylate shunt. Specific
proteins upregulated in response to nutrient starvation are mapped to the TCA cycle and glyoxylate shunt.
Starvation increases the glyoxylate shunt proteins isocitrate lyase and malate synthase, a metabolic shift away from
energy production and carbon consumption (bypass of isocitrate dehydrogenase and a-ketoglutarate dehydro-
genase steps in the TCA cycle). Increased levels of other TCA cycle proteins, including acetyl-CoA synthetase,
suggest repurposing of carbon nutrient stores to anabolic synthesis of molecular species important for survival.
Simultaneously, stress protein activation upregulates proteins, including universal stress proteins that critically
switch bacterial metabolism into survival mode through regulation of the TCA cycle and glyoxylate shunt.

as succinate, critical for survival (Fig. 5). This is consistent with an increased requirement
for succinate during hypoxia in M. tuberculosis (52). Surprisingly, increased malate
synthase commensurate with increased isocitrate lyase was not initially observed in
starved wild-type M. luteus. Further experiments identified that malate synthase is
temporally regulated to coincide with stress-responsive survival programs as described
below.

Inactivation of uspA in E. coli produced diauxic growth and excretion of acetate into
the medium via acetyl coenzyme A (acetyl-CoA) synthetase (15). Isocitrate lyase and
malate synthase (acetate metabolism enzymes) were undetectable until complete
depletion of glucose or gluconate (15). Wild-type M. luteus quiescence is achieved in
AMM but not under rich medium conditions, and no diauxic growth was observed (22,
30). These observations suggest UspA616 may control survival responses via acetate
metabolism through isocitrate lyase and malate synthase. This hypothesis was pro-
posed by Nystrom and Neidhardt for UspA in E. coli but was never substantiated (15).
Acetate as a sole carbon source also replicates exposure to long-chain fatty acids (52).
Historically, the glyoxylate pathway was an anaplerotic metabolic pathway important
for adaptation to different carbon nutrients (32). Our data indicate that the glyoxylate
pathway (and perhaps anaplerotic metabolism in general) provides a robust mecha-
nism to regulate bacterial survival under extreme external stresses. Metabolic stresses
(e.g., starvation, hypoxia, antibiotics, etc.) blocking any part of the metabolic pathway
can be rerouted (bypassed) through ancillary pathways and preserve growth and
survival.

Challenges in studying the NRP state. The mechanisms for the nonreplicative
persistent (NRP) state including antibiotic tolerance are poorly understood (7-9).
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However, NRP-type tolerance may contribute to acquisition of bona fide genetic
resistance (53, 54). Systems biology studies in traditionally studied NRP bacterial
systems have significant limitations from the complexity in bacterial genetic and
protein responses (42, 43, 55, 56). Our data show that M. luteus has less redundancy at
the genetic and protein levels, is amenable to targeted mechanistic studies, and
provides new and complementary knowledge about the molecular basis for bacterial
stress survival. This research links genes and proteins to stress phenotypes, establishing
M. luteus as a valuable system for understanding starvation and hypoxic stress re-
sponses (22, 30).

Studying bacterial stress is challenging, because bacteria do not grow or behave
consistently under stress. Experimental data and current literature indicate exceptional
biological variability in bacterial responses under external stress. Additionally, statistical
methods well-suited for Gaussian distributions and well-ordered and reproducible data
sets may fail when confronted with such variability. For example, some AuspA616:kan
M. luteus cultures exhibited significant cell death at day 5 (Fig. 3B), but in aggregate,
this was not statistically significant in the quantitative data until day 10 (Fig. 3C). This
increased variability in bacterial behavior may not reflect a failure in experimental
procedures or statistical methods but rather may be a critical adaptive mechanism to
enhance stress survival via a “hedge-betting” strategy (57, 58).

Our experiments suggest a combinatorial approach is needed to study such varia-
tion. Targeted and earlier global proteomics studies identified proteins upregulated in
the quiescent state that were not readily observable in transcriptomic or metabolomics
studies: UspA616 is upregulated in the quiescent state, and this protein regulates
malate synthase and isocitrate lyase, enzymes known to play an important role in
chronic infection in other bacterial species including M. tuberculosis. Therefore, a more
complete picture of bacterial survival processes may require diverse and complemen-
tary experimental approaches applied across multiple bacterial species, including M.
luteus, E. coli, M. smegmatis, and M. tuberculosis.

M. luteus as a model for tolerance mechanisms. Studies in E. coli (a facultative
anaerobe) identified lag-time adaptation under short-term severe stress (59). Unlike E.
coli, M. luteus is an obligate aerobic bacterium similar to mycobacteria. Unlike in E. coli
experiments, we observed no lag-time defect (i.e., time for initial growth induction) in
AuspA616:kan M. luteus by any measurements (optical density at 600 nm [ODg], CFU,
or fluorescence viability microscopy). This was despite obvious enhancement of loga-
rithmic growth and culturability under initial conditions and survival deficits under
starvation and hypoxia. Tolerance of one stress can confer tolerance of other stresses,
suggesting conserved survival mechanisms (7, 9, 59). Combined, our protein level data
and genetic and metabolic data, including those from the study by Fridman et al. (59),
provide a satisfying, albeit more complex, hypothesis for tolerance (Fig. 1). Bacteria
exposed to stress such as starvation, antibiotics, or pH rapidly shift glyoxylate shunt and
TCA cycle regulation to enable short-term survival, leading to a metabolically active lag
state with reduced proliferation (Fig. 1, left). Longer-term survival may be enhanced
through stress-responsive transcription factors (i.e., DosR), which increase expression of
critical stress response genes and proteins (Fig. 1, right) (42, 60). The purpose of DosR,
and potentially other stress-responsive transcriptional systems, may be to upregulate
the genes and proteins, including Usps that “execute” the stress survival program. The
uspA616 gene and the homolog Rv2623 in M. tuberculosis appear to be regulated by
such transcription factors. Therefore, bacterial tolerance is likely a consequence of
reorganized stress metabolism that requires integration of both protein and genetic
“programs” (Fig. 1).

M. luteus as a model for studying Usps in bacterial pathogenesis. The study of
the NRP state and latency is difficult, as most current knowledge on this survival
state is limited to studies in M. tuberculosis and M. smegmatis, actinobacterial
relatives of M. luteus. Therefore, it may be instructive to compare our data in M.
luteus to established literature in these mycobacteria. Loebel et al.’s starvation
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model (23, 24) and Wayne et al.'s hypoxia model (37) are two established models
for latency in M. tuberculosis, and AuspA616::kan M. luteus exhibits severe survival
deficits under these same stress models. Our data explain multiple conflicting
published observations through Usp control of the glyoxylate shunt enzymes
isocitrate lyase and malate synthase.

In one study, inactivation of the M. tuberculosis Usp Rv2623 (the homolog of
UspA616) generated hypervirulence in vivo, which was interpreted as a defect in
achieving latent infection (31). Logarithmic (acute phase) AuspA616:kan M. luteus
exhibited abnormally high levels of isocitrate lyase and malate synthase. If similar in
Rv2623-deficient M. tuberculosis, this would enhance acute-phase bacterial growth
through additional acetate/fatty acid metabolism during acute infection. Supporting
this proposition, glyoxylate metabolism has been correlated with M. tuberculosis an-
aerobic adaptation, and malate synthase is critical for the detoxification of glyoxylate
(44, 61). Multiple other metabolomics studies also point to isocitrate lyase and malate
synthase in stress adaptation (52, 62, 63). As hypothesized in Fig. 1, AuspA616::kan M.
luteus under longer-term starvation or hypoxia shows enhanced cell death (e.g., defect
in survival is not an enhanced NRP state, but cell death). Therefore, hypervirulence from
Rv2623 inactivation may be a hyperactive logarithmic phase phenotype, not a latency
defect.

In a second study, inactivation of isocitrate lyase in M. tuberculosis attenuated
chronic and persistent infection in immunocompetent animals without impairing acute
infection (64), which apparently conflicts with the study described above. M. luteus
quiescence does not occur under rich nutrient conditions but does in acetate medium,
which may be considered a nutrient-poor carbon source (30). By extension, M. tuber-
culosis without isocitrate lyase might proliferate unimpeded while in a rich nutrient
environment but not under nutrient-poor conditions correlated to latency in this
pathogen (i.e., macrophage endosomes and hypoxic granulomas). The original papers
on quiescence and reactivation in M. luteus never used glucose, gluconate, or rich
nutrient conditions (22, 27, 35, 65). Acetate or other poor nutrient sources may signal
for starvation and quiescence in M. luteus and perhaps latency in M. tuberculosis and
other bacterial species. An important prediction from these data is that Rv2623-
deficient M. tuberculosis may be hypersensitive to starvation, hypoxia, or antibiotics,
which were stresses not apparently tested (31). Therefore, we suggest that Usp inhi-
bition may sensitize pathogenic bacteria to external stresses, including antibiotics, by
blocking tolerance inherent in the NRP state.

Potential functions and mechanisms for Usp-type proteins. Biological and
biochemical understanding of Usps has been severely impaired by (i) limitations in
model bacterial systems exhibiting weak phenotypes from multiple functionally
redundant proteins and (ii) limited molecular-based experimental approaches for
studying these proteins. These limitations have relegated current ideas about Usp
function to a “general protective role” in bacterial survival, and the mechanisms are
largely unknown (18). Despite this situation, there are clues to functions and
mechanisms for these proteins. Rv2623, the M. tuberculosis homolog of UspA616,
appears to be regulated by the DosR stress-responsive transcription factor (60), and
other usp genes may be responsive to different transcriptional regulators (66, 67).
Nucleotide binding is variable among Usp-family members (19), but Rv2623 re-
quires ATP-binding for biological activity (31). Diverse evidence suggests that
protein dimerization (68), protein interactions (69), and phosphorylation/signaling
(70, 71) may have importance for Usp biological functions. While these potential
mechanisms are speculative at present, the data presented here clearly demon-
strate that UspA616 is critical for bacterial survival and that M. luteus is a valuable
and uniquely viable model capable of deciphering universal stress protein function.
These data suggest a new paradigm for Usps as molecular switches that turn on
bacterial survival under starvation and hypoxia.
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MATERIALS AND METHODS

Reagents and materials. Chemicals, buffers, and cell culture materials and reagents were purchased
from Thermo Fisher Scientific, Sigma-Aldrich, or VWR and were of ACS reagent-grade certification or
better. Chromatography and mass spectrometry solvents were purchased from Fisher Scientific and were
Optima grade or better. The pGEM3ZF(+) plasmid was purchased from Promega Corporation (Madison,
WI). The BacLight LIVE/DEAD bacterial viability kit for microscopy (L7007) was purchased from Thermo
Fisher Scientific. Whole-genome sequencing materials were purchased from Qiagen and Illumina.

M. luteus growth conditions. Micrococcus luteus NCTC 2665 was purchased from ATCC (Manas-
sas, VA) and cryogenically stored long-term at —80°C in 20% glycerol. For all experiments, M. luteus
colonies were obtained from LB agar plates inoculated from a glycerol stock and incubated at 30°C
until colonies appeared. Starter cultures of M. luteus were inoculated from a single colony in LB
medium and incubated at 30°C at 250 rpm on an orbital shaker with subculturing every 24 h using
a 1:100 dilution in fresh medium. Culturing in defined acetate minimal media (AMM) was performed
as previously described (22).

Transformation of M. luteus. Transformation of M. luteus was performed as previously described (30)
and based on the methods described by Angelov et al. (34) and Kloos and Schultes (33). Briefly, a single colony
of M. luteus was grown aerobically overnight at 30°C in LB. From the starter culture, 500 ul of cells was washed
in 1X phosphate-buffered saline (PBS) and inoculated in 50 ml of defined glutamate medium (DGM). Cells
were grown aerobically at 30°C for 24 to 36 h and harvested by centrifugation. Harvested cells were chilled
on ice, washed with 50 mM Tris-HCl (pH 7.4) and 100 mM CaCl,, and resuspended in 2 ml of 50 mM Tris-HCI
(pH 7.4), 100mM CaCl,, and 0.5% monosodium glutamate. The uspA616 gene (1,323 bp) sequence was
amplified by Pfu polymerase using primers (forward) 5'-GGGCTCCGAGGCGTAGACTG-3' and (reverse) 5'-GG
TGGTGGAGGACGAGTAC-3’ and blunt-end cloned into pGEM-5ZF(+) at the EcoRV site. The kanamycin
cassette from pUC4K was inserted into the uspA616 gene sequence via the unique BamHI site. One to ten
micrograms of Ndel-linearized pGEM-5ZF(+) AuspA616:kan DNA (prepared as previously described) (30) was
added to each aliquot of cells for 30 to 45 min at 30°C with orbital shaking at 250 rpm. After incubation, 1 ml
of LB medium was added to the cells, and incubation continued for 10 to 16 h at 30°C with shaking. Cells were
harvested by centrifugation for 5 min at 3,000 X g and resuspended in 100 ul of 1X PBS. Three milliliters of
Top agar (0.7% agar) was melted at 45°C, and 100 ug/ml kanamycin and 100 ul of diluted cells were added,
mixed, and poured onto the surface of a warm LB agar plate supplemented with kanamycin. Top agar was
evenly dispersed until it solidified at room temperature, and plates were incubated at 30°C until colonies
appeared.

Confirmation of knockout: colony PCR and whole-genome sequencing. (i) Colony PCR. Colonies
were picked and resuspended in 15 ul of 10 mM Tris-HCl, 0.1% SDS (pH 8). From this suspension, 5 ul
was used to inoculate 5 ml of LB medium supplemented with kanamycin (100 wg/ml). The remaining 10
wl of resuspended colony was lysed by boiling at 90°C for 15 min, and lysed colony debris was harvested
by centrifugation for 5 min at 16,000 X g. For a 25-ul PCR mixture, 0.5 ul of lysed colony supernatant was
used as the template DNA.

(ii) Whole-genome sequencing. Genomic DNA was extracted by the University of Houston Seq-N-Edit
Core using 1 ml of turbid AuspA616:kan M. luteus in LB medium. After homogenization with TissueLyser II
(Qiagen), DNA was isolated with the PowerSoil Pro plus IRT miniprep kit automated on a QlAcube (Qiagen).
Extracted genomic DNA (gDNA) was quantified by the Qubit 2.0 fluorometer (Thermo Fisher), and integrity
was verified using a 4200 TapeStation (Agilent) genomic DNA assay. Sequencing libraries were prepared using
the Nextera DNA Flex (lllumina) with 500 ng of gDNA input. After quantification, sequencing library size and
purity were determined by the 4200 TapeStation D1000 assay. Libraries were sequenced on a MiSeq (lllumina)
and assembled using SPAdes genome assembly algorithm.

(iii) Mass spectrometry. Procedures for accurate mass tag (AMT) and quantitative mass spectrom-
etry to confirm ablation of UspA616 protein are described below.

Quantification of CFU. Statistical calculations were performed within Excel or using the online tools
from SciStatCalc (http://scistatcalc.blogspot.com). Images were scanned on an Epson Perfection 2580
photo scanner and processed using ImageJ (https://imagej.nih.gov/ij/index.html) to count colonies from
tif images in CFU calculations. CFU measurement images were counted using the “analyze particles”
option in ImageJ using 16-bit image analysis on thresholded image data after applying the watershed
binary. Calculated colony numbers were normalized for dilution, calculated to CFU per milliliter, and
converted to log,, values. Calculations were manually checked, and statistics were calculated from a
minimum of three replicate measurements (n = 3).

Bacterial viability quantification by fluorescence microscopy. Bacterial viability was quantified
using the Molecular Probes BacLight LIVE/DEAD bacterial viability kit for microscopy. Briefly, cells were
harvested by centrifugation, washed with 500 ul of 0.85% sodium chloride, resuspended in a mixture of
Syto 9 and propidium iodide in 0.85% sodium chloride, and incubated in the dark for 15 min. After
incubation, 10 ul of stained cell suspension and a drop of mounting oil were added to the middle of a
microscope slide and coverslipped. Samples were visualized by fluorescence microscopy using the EVO
FL cell imaging system (Thermo Fisher) at 470 nm for Syto 9 and 531 nm for propidium iodide.
Fluorescence images were merged, exported as .tiff files, and analyzed using ImageJ (https://imagej.nih
.gov/ij/index.html) or FUI (https:/fiji.sc). Images were corrected for brightness and contrast, red, green,
and blue (RGB) channels were split, and particle edges and thresholds were adjusted for best quality.
Particles were then analyzed with set thresholds: 0 to infinite particle size and circularity between 0 and
1. The percentage of viable cells was calculated by dividing viable counts by the total counts from live
and dead cell imaging.
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Starvation stress in acetate minimal medium. To begin starvation, 100 ml of AMM in 500-ml
Erlenmeyer flasks was inoculated with 1 ml of M. luteus starter culture (see “M. luteus growth conditions”
above). OD,, and culture viability using CFU and LIVE/DEAD fluorescence microscopy were monitored
daily for 30 days. For mass spectrometry, 10 ml of cell suspension was removed at 1, 5, 10, and 25 days
and harvested by centrifugation at 10,000 X g for 10 min at 4 °C, and cell pellets were processed for mass
spectrometry or cryopreserved at —80°C (n = 5 biological replicates).

Wayne model of hypoxia for oxygen limitation stress. Thirty-four milliliters of LB medium (18-ml
headspace ratio = 0.5), a flea stir bar, and 1.5 ug/ml methylene blue were placed in each 125-mm by
25-mm screw-cap test tube and autoclaved. AuspA616:kan M. luteus tubes were supplemented with
100 pg/ml of kanamycin. Sample sets were inoculated with 340 ul of wild-type or AuspA616:kan M.
luteus starter cultures and sealed with a Suba-Seal silicone rubber septa wrapped with copper wire. Tubes
were incubated at 30°C on a mechanical stir plate set to completely mix the culture without disturbing
the water-air interface. Samples (n = 5 biological replicates) for ODg,, growth, CFU measurements, and
LIVE/DEAD imaging were taken on day 0 and every other day anaerobically with a syringe equipped with
a beveled 10-cm metal needle flushed with nitrogen gas. For mass spectrometric analysis, 34-ml samples
were taken just prior to hypoxia at day 2 and at day 15 (n = 5 biological replicates).

Proteomic analysis of M. luteus. (i) M. luteus cell lysis and reduction/alkylation. The procedures
described previously (22) were used with the following modifications. Cryopreserved cells (~50 mg) were
washed three times with 500 ul of cold 50 mM Tris-HCI (pH 7.4), harvested by centrifugation, and lysed
by bead beating on a Qiagen TissueLyser Il using lysis buffer (50 mM Tris-HCl, 4 M urea, pH 7.4, with 1X
Halt protease inhibitor cocktail [Thermo Scientific]). Cell debris was removed by centrifugation for 10 min
at 16,000 X g, and protein concentration was measured on a NanoDrop 2000c (Thermo Scientific) at
280 nm. Samples were reduced by 10 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) at 37°C
for 30 min, alkylated by 10 mM iodoacetamide at room temperature in the dark, and stored at —80°C or
subjected to quantitative protein chloroform-methanol precipitation as previously described (22, 72).

(ii) Trypsin digestion. Precipitated protein pellets were resuspended in 80 ul of 25 mM Tris-HCI (pH
7.4), and sequencing-grade trypsin (250 ng; Worthington Biochemicals) was added. The reaction mixture
was incubated for 18 to 24 h at 37°C before quenching by addition of 10 ul of 10% formic acid. Samples
were lyophilized and stored at —80°C or immediately used for mass spectrometry.

(i) LC-MS/MS analysis using the Bruker MicrOTOF-QII. Proteomics experiments were performed
on a Bruker Daltonics MicrOTOF-QIl (Q-TOF) equipped with a CaptiveSpray nanospray source and an
Agilent 1200 Nano high-pressure liquid chromatography (HPLC) system. Chromatography was with an
in-house-packed 150-um by 150-mm nanobore C,, reverse phase column with a gradient from 15%
solvent A (water, 0.1% formic acid) to 90% solvent B (acetonitrile, 0.1% formic acid) over 45 or 75 min.
Spray voltage was set to 1,400 V, dry gas to 2.0 liters/min, and capillary temperature to 150°C. All samples
were analyzed either in data-dependent fragmentation (MS/MS) mode to accurately identify peptide
fragmentation and retention times for normalized spectral abundance factor (NSAF) quantitation or
targeted accurate mass tag (AMT) quantitation based on parent masses and retention time. Chromato-
graphic runs and all mass spectra were internally calibrated using either Glu-fibrinopeptide (added as an
internal standard) or an abundant peptide from EF-tu (endogenously present). All data analysis was
performed using Compass Data Analysis software (Bruker Daltonics, version 4.0). Searches were per-
formed in Open Mass Spectrometry Search Algorithm (OMSSA) against a custom M. luteus FASTA
proteome database containing both standard and randomized decoy sequences (NCBI) (RefSeq/Bacteria/
Micrococcus_luteus/all_assembly_versions/GCF_000023205.1_ASM2320v1). False discovery rate (FDR)
was maintained at ~1.0%. For AMT data analysis, the combination of accurate mass (+=0.005 amu) and
retention time within 0.2 min indicated a correct peptide assignment, but complete liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS) experiments were performed after every 6 to 10 runs to
confirm peptide identifications. Extracted ion chromatograms (EIC) from calculated accurate masses for
target peptides were Gaussian smoothed and peak areas calculated using Bruker Daltonics Compass
Data Analysis software.
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