@'PLOS ‘ PATHOGENS

Check for
updates

G OPEN ACCESS

Citation: Radin JN, Kelliher JL, Sol6rzano PKP,
Grim KP, Ramezanifard R, Slauch JM, et al. (2019)
Metal-independent variants of phosphoglycerate
mutase promote resistance to nutritional immunity
and retention of glycolysis during infection. PLoS
Pathog 15(7): €1007971. https://doi.org/10.1371/
journal.ppat.1007971

Editor: Michael Otto, National Institutes of Health,
UNITED STATES

Received: March 1,2019
Accepted: July 9, 2019
Published: July 25, 2019

Copyright: © 2019 Radin et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

Funding: This work was supported by grants from
the National Institutes of Health (R01 Al 118880)
and a Vallee Scholar Award from the Vallee
Foundation to TEKF. Work in the laboratory of JMS
is supported by the National Institutes of Health
(RO1 Al 123381). Its contents are solely the
responsibility of the authors and do not necessarily

RESEARCH ARTICLE

Metal-independent variants of
phosphoglycerate mutase promote
resistance to nutritional immunity and
retention of glycolysis during infection

JanaN. Radin®', Jessica L. Kelliher', Paola K. Parraga Solérzano® ', Kyle P. Grim',
Rouhallah Ramezanifard®', James M. Slauch@', Thomas E. Kehl-Fie®3*

1 Department of Microbiology, University of lllinois at Urbana-Champaign, Urbana, IL, United States of
America, 2 Departmento de Ciencias de la Vida, Universidad de las Fuerzas Armadas ESPE, Sangolqui,
Ecuador, 3 Carl R. Woese Institute for Genomic Biology, University of lllinois at Urbana-Champaign, Urbana,
IL, United States of America

* kehlfie @illinois.edu

Abstract

The ability of Staphylococcus aureus and other pathogens to consume glucose is critical
during infection. However, glucose consumption increases the cellular demand for manga-
nese sensitizing S. aureus to host-imposed manganese starvation. The current investiga-
tions were undertaken to elucidate how S. aureus copes with the need to consume glucose
when metal-limited by the host. A critical component of host defense is production of the
manganese binding protein calprotectin. S. aureus has two variants of phosphoglycerate
mutase, one of which is manganese-dependent, Gpml, and another that is manganese-
independent, GpmA. Leveraging the ability to impose metal starvation in culture utilizing cal-
protectin revealed that the loss of GpmA, but not Gpml, sensitized S. aureus to manganese
starvation. Metabolite feeding experiments revealed that the growth defect of GpmA when
manganese-starved was due to a defect in glycolysis and not gluconeogenesis. Loss of
GpmA reduces the ability of S. aureus to cause invasive disease in wild type mice. However,
GpmA was dispensable in calprotectin-deficient mice, which have defects in manganese
sequestration, indicating that this isozyme contributes to the ability of S. aureus to overcome
manganese limitation during infection. Cumulatively, these observations suggest that
expressing a metal-independent variant enables S. aureus to consume glucose while miti-
gating the negative impact that glycolysis has on the cellular demand for manganese. S.
aureus is not the only bacterium that expresses manganese-dependent and -independent
variants of phosphoglycerate mutase. Similar results were also observed in culture with Sal-
monella enterica serovar Typhimurium mutants lacking the metal-independent isozyme.
These similar observations in both Gram-positive and Gram-negative pathogens suggest
that expression of metal-independent glycolytic isozymes is a common strategy employed
by bacteria to survive in metal-limited environments, such as the host.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007971

July 25,2019 1/21


http://orcid.org/0000-0003-1783-7336
http://orcid.org/0000-0003-0710-5414
http://orcid.org/0000-0002-7176-8549
http://orcid.org/0000-0003-4634-9702
http://orcid.org/0000-0001-8234-1113
https://doi.org/10.1371/journal.ppat.1007971
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007971&domain=pdf&date_stamp=2019-08-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007971&domain=pdf&date_stamp=2019-08-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007971&domain=pdf&date_stamp=2019-08-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007971&domain=pdf&date_stamp=2019-08-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007971&domain=pdf&date_stamp=2019-08-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007971&domain=pdf&date_stamp=2019-08-06
https://doi.org/10.1371/journal.ppat.1007971
https://doi.org/10.1371/journal.ppat.1007971
http://creativecommons.org/licenses/by/4.0/

@'PLOS ‘ PATHOGENS

GpmA enhances resistance to CP-induced manganese starvation

represent the official views of the NIH or the Vallee
Foundation. The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Author summary

Pathogens, such as Staphylococcus aureus and Salmonella species, must be able to con-
sume glucose in order to cause infection. However, glycolysis can increase the need for
manganese and sensitize invaders to the manganese-withholding defense of the host,
known as nutritional immunity. How pathogens manage these conflicting pressures is
currently unknown. The current investigations revealed that a second metal-independent
variant of phosphoglycerate mutase possessed by both S. aureus and Salmonella enables
them to grow and consume glycolytic substrates in the presence of the manganese-bind-
ing immune effector calprotectin. Infection experiments revealed that the manganese-
independent isozyme critically contributes to the ability of S. aureus to overcome manga-
nese starvation during infection. Together, these results suggest that using metal-indepen-
dent isozymes to enable the consumption of sugars within the host or other metal-limited
environments is a common strategy employed by diverse bacteria.

Introduction

The preferred carbon source for many pathogens is glucose and disruption of glycolysis
reduces the ability of many invaders to cause infection [1-10]. The primacy of glucose as an
energy source is emphasized by catabolite repression, which prevents bacteria from utilizing
other carbon sources when glucose is present [1-3, 11-13]. The advantage that sugar con-
sumption provides is highlighted by the increased sensitivity of individuals with diabetes, espe-
cially those with hyperglycemia, to infections by Staphylococcus aureus, Streptococcus
pneumoniae, Mycobacterium tuberculosis, Escherichia coli, Klebsiella pneumoniae and Candida
albicans [14-17]. At the same time, host defenses reduce the ability of pathogens to consume
glycolytic substrates by limiting metal availability or via other mechanisms [18, 19]. The spread
of antibiotic-resistant isolates has led the Centers for Disease Control and Prevention (CDC)
and the World Health Organization (WHO) to call for the development of novel therapeutics
to treat S. aureus and other pathogens [20, 21]. Understanding how pathogens generate energy
and preserve the activity of critical metabolic pathways despite the concerted efforts of the
immune system has the potential to identify new opportunities for therapeutic intervention.

Transition metals such as iron (Fe), manganese (Mn) and zinc (Zn) are essential for life, as
they play an important role in facilitating the structure and function of proteins [22]. The host
takes advantage of this essentiality by restricting the availability of Fe, Mn and Zn during infec-
tion, a defense known as nutritional immunity [23-28]. The prototypic example of Mn and Zn
restriction is the staphylococcal abscess, which is virtually devoid of these metals [25, 29]. A
key mediator of the host Mn-withholding response is the immune effector calprotectin (CP).
A heterodimer of SI00A8 and S100A9, CP possesses two transition metal binding sites that
chelate Mn and Zn with nanomolar and femtomolar affinities, respectively [25, 27, 30-35].
Although CP binds other metals, including Fe (II) and nickel (Ni) [36, 37], the primary metals
withheld from S. aureus are Mn and Zn. CP comprises ~50% of the total protein in the neutro-
phil cytoplasm and CP concentrations can exceed 1 mg/ml at sites of infection [38, 39]. Mice
lacking CP have defects in Mn sequestration and are more sensitive to a range of bacterial and
fungal pathogens, including S. aureus, Acinetobacter baumannii, K. pneumoniae and Aspergil-
lus fumigatus [25-27, 40, 41].

During infection, nutritional immunity inactivates Mn-dependent bacterial processes such
as the Mn-dependent superoxide dismutase possessed by S. aureus. This in turn renders S.
aureus more sensitive to the oxidative burst of immune cells. While glycolysis is canonically
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believed to be a magnesium-dependent process [42], many bacteria possess Mn-dependent
variants of glycolytic enzymes, including phosphoglycerate mutase, enolase and pyruvate
kinase [43-50]. In fact, in a number of pathogens, including S. aureus and S. pneumoniae, the
consumption of sugars is dependent on Mn availability [18, 51]. At the same time, glycolysis is
critically important for the ability of S. aureus to cause infection and mutations that reduce the
activity of this pathway frequently result in virulence defects and sensitize the bacterium to
other host defenses such as NO- produced by immune cells [4-8]. While the best characterized
mechanism utilized by bacteria to resist nutritional immunity is the use of high-affinity metal
transporters, S. aureus and other pathogens also possess transporter-independent adaptations
that critically contribute to the ability of the bacteria to overcome nutritional immunity [18,
29, 52-55]. However, mechanisms that would enable them to maximize the consumption of
sugars via glycolysis when metal-starved have not been described.

Despite increasing the cellular demand for Mn and sensitizing S. aureus to Mn starvation,
we recently observed that S. aureus prefers to consume glucose even when Mn-starved by CP
[18, 55]. This paradoxical use of glycolysis despite the associated increase in cellular demand
for Mn likely occurs in part as the fermentation of sugars enables the bacterium to generate
energy when exposed to NO- produced by activated immune cells [8]. At the same time, it
highlights a challenge faced by S. aureus and other pathogens, where adapting to one host
defense sensitizes the bacterium to another aspect of the immune response [18, 55]. Many bac-
teria, including S. aureus, possess multiple copies of glycolytic enzymes. While the presence of
multiple isozymes is frequently associated with glycolytic and gluconeogenic flux, we won-
dered if another reason for maintaining multiple isozymes might exist. Specifically, we hypoth-
esized that multiple copies of glycolytic enzymes may help S. aureus and other pathogens
mitigate the stress of consuming sugars when metal-starved. The current investigations
revealed that expression of a second metal-independent variant of phosphoglycerate mutase
enables S. aureus to maintain the ability to consume glucose when Mn-starved and critically
contributes to resisting nutritional immunity during infection. Similar results were also
observed with Salmonella enterica, suggesting that expression of metal-independent isozymes
is a common strategy employed by bacteria to survive in metal-limited environments.

Results

Expression of metal-independent glycolytic enzymes increases in response
to host-imposed metal starvation

As an initial step to identify how S. aureus promotes retention of glycolysis during infection,
the repertoire of glycolytic enzymes possessed by S. aureus was assessed. This analysis revealed
that S. aureus possess two copies of glyceraldehyde-3-phosphate dehydrogenase, aldolase and
phosphoglycerate mutase. Notably, one of the phosphoglycerate mutase isozymes, Gpml, is
predicted to be Mn-dependent, while the other, GpmA, is Mn-independent, utilizing
2,3-bisphosphoglycerate as a catalytic cofactor [56, 57]. Gpml is encoded by the glycolytic
operon that contains gapR, gapA, pgk, tpiA and eno, whereas gpmA is not part of an operon
and is expressed independently of other glycolytic enzymes (Fig 1A). The fact that gpmIisin a
locus with many other glycolytic enzymes, while gpmA is in a separate location, suggests that
Gpml is the primary phosphoglycerate mutase and that GpmA is the secondary enzyme. One
possibility is that GpmI and GpmA have directional preferences, with GpmI being essential
for glycolysis and GpmA being essential for gluconeogenesis, as has been suggested for the two
isozymes of glyceraldehyde-3-phosphate dehydrogenase encoded by S. aureus [58]. However,
it is also possible that the metal-independent variant promotes retention of glycolytic flux
when metal-starved by the host. As an initial step in evaluating this latter idea, expression of
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Fig 1. S. aureus induces a metal-independent phosphoglycerate mutase in response to calprotectin. (A) The
chromosomal location of gpmI and gpmaA is depicted. gpmI is part of the glycolytic operon, while gpmA is not part of
an operon and is in a separate location. Not to scale. (B) Wild type S. aureus was grown in rich medium in the presence
and absence of 240 ug/ml of CP and transcript levels of gpmA and gpmI were assessed by QRT-PCR. Expression was
compared to wild type bacteria grown in the absence of CP. * = p<0.05 relative to media alone by two-way ANOVA
on log-transformed values with Tukey’s multiple comparisons test. (C-D) Wild type S. aureus and AmntCAmntH were
grown in rich medium in the presence and absence of 240 ug/ml of CP and transcript levels of gpmA (C) and gpmlI (D)
were assessed by qRT-PCR. Expression was compared to wild type bacteria grown in the absence of CP. * = p<0.05
relative to media alone by one-way ANOVA on log-transformed values with Tukey’s multiple comparisons test. Error
bars indicate SEM. n>3.

https://doi.org/10.1371/journal.ppat.1007971.g001

gpmA and gpml in wild type bacteria exposed to CP was assessed. While expression of gpmI
did not change, gpmA levels increased ~40-fold in response to CP (Fig 1B). Expression of
gpmA was also induced in a S. aureus mutant lacking the Mn transporters MntABC and MntH
(AmntCAmntH) to a level comparable to that caused by CP (Fig 1C). In contrast, expression of
gpml did not change in the AmntCAmntH mutant (Fig 1D). Cumulatively, these observations
suggest that Gpml is the primary phosphoglycerate mutase used by S. aureus and that GpmA
may be important when the bacteria experience Mn limitation.

Expression of a metal-independent phosphoglycerate mutase promotes
staphylococcal resistance to manganese starvation

To elucidate the respective contributions of the two staphylococcal phosphoglycerate mutases
to resisting metal starvation, wild type as well as AgpmA and AgpmI mutants were evaluated
for their ability to grow in the presence of CP. Loss of the metal-dependent isozyme, Gpml, in
S. aureus Newman did not alter the sensitivity of S. aureus to CP. Conversely, loss of the metal-
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independent isozyme profoundly sensitized S. aureus to CP (Fig 2A, S1A Fig). Expression of
GpmA from a plasmid reversed the increased sensitivity of AgpmA to CP (Fig 2B, S1B Fig).
Increased sensitivity to CP was also observed upon loss of GpmA in the community-acquired
MRSA strain USA300 JE2 (Fig 2C, S1C Fig), which was also reversed by expression of GpmA
from a plasmid (Fig 2D, S1D Fig). Together, these results demonstrate that loss of GpmA
makes S. aureus more sensitive to CP-imposed metal starvation.

To determine if Mn or Zn restriction was responsible for the increased sensitivity of
AgpmA to CP, we leveraged CP binding site mutants with altered metal-binding properties
[27, 32]. Similar to WT CP, when AgpmA was grown in the presence of the AS2 mutant, which
can bind either Mn or Zn, it was more sensitive to CP treatment than wild type bacteria or
Agpml (Fig 2E). However, in the presence of the AS1 mutant, which cannot bind Mn, the
increased sensitivity of AgpmA was abrogated. These observations suggest that loss of GpmA
impairs the ability of the bacteria to cope with CP-induced Mn limitation. To further test this
idea, wild type S. aureus, AgpmA and AgpmI were grown in medium depleted of Mn and Zn
(NRPMI). Similar to what was observed in the presence of CP, the AgpmA mutant had a severe
growth defect compared to wild type bacteria and the AgpmI mutant (Fig 2F, S1E Fig). The
growth defect of the AgpmA mutant in this medium was reversed by the addition of Mn but
not Zn. Collectively, these results demonstrate that GpmaA is crucial for growth when S. aureus
is Min-starved.

Expression of a metal-independent isozyme facilitates retention of
glycolysis when Mn-starved

The majority of enzymes in the glycolytic pathway, including phosphoglycerate mutase, can be
used for flux in both directions [59, 60]. To determine if the GpmA-dependent growth defect
is associated with decreased glycolytic or gluconeogenic activity, wild type S. aureus, AgpmA
and AgpmI were grown in the presence of CP in a defined medium supplemented with either
glucose or Casamino acids as the sole energy source. In the presence of glucose, the AgpmA
mutant was more sensitive to CP than wild type bacteria or AgpmI (Fig 3A, S2A Fig). In con-
trast, there was no difference between any of the strains when Casamino acids were provided
(Fig 3B, S2B Fig). Supplementation of the glucose-containing medium with sodium pyruvate,
which bypasses the phosphoglycerate mutase step, also enabled the AgpmA mutant to grow as
well as wild type S. aureus or the AgpmI mutant (Fig 3C, S2C Fig). Together, these observations
indicate that loss of GpmA reduces the ability of S. aureus to consume glucose when Mn-
starved. To evaluate if this apparent defect in glycolysis extended to other substrates dependent
on glycolysis for consumption, growth of the AgpmA and AgpmI mutants in defined medium
supplemented with glycerol was assessed. In the presence of glycerol, which enters glycolysis
upstream of phosphoglycerate mutase, as the sole carbon source the AgpmA mutant was more
sensitive to CP than wild type bacteria or AgpmlI (Fig 3D, S2D Fig). Combined, these results
reveal that GpmA plays an important role in retaining the ability to consume glycolytic sub-
strates when Mn-starved.

Loss of GpmA does not affect manganese transporter function

The expression of Mn transporters is critical for the ability of S. aureus to resist host-imposed
Mn starvation [29]. To confirm that the enhanced sensitivity of the AgpmA mutant was not
due to an unanticipated impact on Mn transporter activity, AmntCAmntHAgpmA and
AmntCAmntHAgpmlI strains were assessed for CP sensitivity. Loss of GpmA, but not Gpml, in
the AmntCAmntH background further increased the sensitivity of the transporter double
mutant, suggesting that GpmA and the Mn transporters function independently to promote
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Fig 2. Expression of a metal-independent phosphoglycerate mutase promotes resistance to manganese starvation. (A) Wild type S. aureus
Newman, AgpmA and AgpmI and (B) wild type S. aureus Newman and AgpmA containing either pOS1 plgt (plgt) or pOS1 plgt:gpmA (plgt:gpmA)
were grown in rich medium in the presence of increasing concentrations of CP (t = 7). (C) Wild type USA300 JE2, AgpmA and AgpmI and (D)
wild type USA300 JE2 and AgpmA containing either pOS1 plgt (plgt) or pOS1 plgt:gpmA (plgt:gpmA) were grown in rich medium in the presence
of increasing concentrations of CP (t = 7). (E) Growth of wild type S. aureus Newman, AgpmA and AgpmI in the presence of 240 pg/ml of wild
type CP as well as the AS1 and AS2 site mutants (t = 7). (F) Growth of wild type S. aureus Newman, AgpmA and AgpmI derivatives in NRPMI in
the presence and absence of 1 pM MnCl, or 1 pM ZnSOy (t = 8). * = p<0.05 relative to wild type and AgpmI by two-way ANOV A with Tukey’s
multiple comparisons test. n>3. Error bars indicate SEM. Also see S1 Fig.

https://doi.org/10.1371/journal.ppat.1007971.9002

resistance to Mn starvation (Fig 4A and 4B, S4A-S4C Fig). Expression of GpmA from a plas-
mid reverted the CP sensitivity of AmntCAmntHAgpmA back to that of the AmntCAmntH
mutant (Fig 4C). Cumulatively, these results suggest that loss of GpmA does not sensitize the
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Fig 3. Expression of a metal-independent isozyme facilitates retention of glycolysis when manganese-starved.
(A-D) S. aureus wild type, AgpmA and AgpmI were grown in defined medium supplemented with (A) glucose (DM

+ glucose), (B) Casamino acids (DM + AA), (C) glucose and sodium pyruvate (DM + glucose + pyruvate) or (D)
glycerol (DM + glycerol) as a carbon source in the presence of increasing concentrations of CP (t = 7). * = p<0.05
relative to wild type and AgpmI by two-way ANOVA with Tukey’s multiple comparisons test. n>3. Error bars indicate
SEM. Also see S2 Fig.

https://doi.org/10.1371/journal.ppat.1007971.9003

bacteria to Mn starvation by reducing Mn transport but rather by a Mn transporter-indepen-
dent mechanism.

GpmA is necessary for invasive S. aureus disease and resisting manganese
starvation during infection

Culture-based experiments suggest that the Mn-independent activity of GpmA enhances the
ability of S. aureus to maintain glycolytic flux when Mn-limited. To evaluate the contribution
of the two phosphoglycerate mutases to S. aureus pathogenesis, wild type (C57BL/6) mice were
retro-orbitally infected with wild type S. aureus, AgpmA, or AgpmI and the infection was
allowed to proceed for 4 days. During the course of the infection mice infected with AgpmA
lost significantly less weight than mice infected with wild type S. aureus or AgpmI (Fig 5A).
Interestingly, mice infected with AgpmI lost slightly, but significantly, less weight than mice
infected with wild type bacteria. Consistent with the weight loss, the AgpmA mutant had signif-
icantly decreased bacterial burdens in the liver, heart, and kidneys when compared to wild
type bacteria (Fig 5B and 5C) indicating that GpmA plays an important role in establishing
systemic disease. While mice infected with AgpmI did not show a statistically significant
decrease in bacterial burdens in any of the organs, bacterial burdens in the kidneys were
slightly lower than in mice infected with wild type bacteria (Fig 5C). To evaluate if the impor-
tance of GpmA during infection is driven by host restriction of Mn availability, CP-deficient
(C57BL/6 S100A9-/-) mice, which do not remove Mn from liver abscesses [25, 29], were
infected with wild type bacteria, AgpmA or AgpmlI. Relative to wild type mice, the CP-deficient
mice infected with AgpmA had increased bacterial burdens, indicating that the importance of
GpmA during infection is driven by host-imposed Mn limitation. Moreover, in CP-deficient
mice there was no difference in bacterial burdens between wild type bacteria, AgpmA or
Agpml (Fig 5B), suggesting either phosphoglycerate mutase isozyme is sufficient when Mn is
avaijlable. Cumulatively, these results indicate that GpmA contributes to staphylococcal infec-
tion by promoting retention of glycolytic activity when Mn-starved by the host.

A metal-independent phosphoglycerate mutase enables glycolysis when
Salmonella is manganese-starved

The expression of metal-dependent and -independent variants of phosphoglycerate mutase is
not unique to S. aureus, and many pathogenic bacteria including E. coli, Shigella flexneri, S.
enterica, Pseudomonas aeruginosa, Listeria monocytogenes and others possess both forms [57].
However, the molecular rationale for retaining two phosphoglycerate mutase isozymes in
these organisms remains unknown [57]. In light of our observation with S. aureus, we won-
dered if metal-independent variants of phosphoglycerate mutase broadly promote retention of
glycolytic potential when experiencing Mn starvation. To test this idea, the ability of wild type
S. enterica serovar Typhimurium and a AgpmA mutant to grow in rich medium in the presence
of CP was assessed. Similar to S. aureus, the Salmonella AgpmA mutant was more sensitive to
CP treatment than wild type bacteria (Fig 6A, S4A Fig). Use of the CP variants with altered
metal-binding properties revealed that loss of GpmA impaired the ability of Salmonella to
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AmntC AmntH Agpml are normalized to AmntC AmntH. C) Wild type S. aureus, AgpmA, AmntC AmntH, AmntC AmntH AgpmA containing
either pOS1 plgt (plgt) or pOS1 plgt: gpmA (plgt: gpmA) were grown in rich medium supplemented with 1 pM MnCl, and 1 uM ZnSOy in the
presence of increasing concentrations of CP (t = 8). For these assays, the bacteria were precultured overnight in TSB. * = p<0.05 by two-way
ANOVA with Tukey’s multiple comparisons test. NS = not significant. n>3. Error bars indicate SEM. Also see S3 Fig.

https://doi.org/10.1371/journal.ppat.1007971.9004

cope with CP-induced Mn limitation (Fig 6B). Cumulatively, these observations establish that
expression of a Mn-independent variant of phosphoglycerate mutase promotes the growth of
Salmonella when metal-starved.

To test if the importance of GpmA to Salmonella growth when metal-starved is attributable
to its ability to promote consumption of glycolytic substrates, bacteria were grown in the
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Fig 5. GpmA is necessary for invasive S. aureus disease and resisting manganese starvation. Wild type C57BL/6
(C57) and CP-deficient C57BL/6 SI00A9-/- (CP-/-) mice were infected with either S. aureus wild type, AgpmA or
AgpmlI and (A) mean weight loss and (B-C) bacterial burdens in the (B) liver and (C) heart and kidneys were assessed
after four days of infection. (A) ** = p<0.05 as determined by two-way ANOVA with Tukey’s multiple comparisons
test, with * compared to wild type bacteria and * compared to AgpmI. (B-C) * = p<0.05 as determined by Mann-
Whitney test for bacterial burdens. The lines indicate the mean. The data are the results from two independent
experiments.

https://doi.org/10.1371/journal.ppat.1007971.9005
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Fig 6. A metal-independent phosphoglycerate mutase enables glycolysis when S. enterica serovar Typhimurium is
manganese-starved. (A & B) Wild type Salmonella and AgpmA were grown in rich medium in the presence of (A) increasing
concentrations of CP or (B) 240 ug/ml of WT CP or the AS1 and AS2 CP mutants (t = 8). (C-F) Wild type Salmonella and
AgpmA were grown in defined medium (DM) supplemented with (C) glucose (DM + glucose), (D) Casamino acids (DM

+ AA), (E) glycerol (DM + glycerol) or (F) sodium pyruvate (DM + pyruvate) as a carbon source in the presence of increasing

concentrations of CP (t = 8). *
n>3. Error bars indicate SEM. Also see 54 Fig.

https://doi.org/10.1371/journal.ppat.1007971.9006

= p<0.05 relative to wild type by two-way ANOVA with Sidak’s multiple comparisons test.

presence of CP and provided with either glucose or Casamino acids as a carbon source (Fig 6C
and 6D, S4B and S4C Fig). As in rich medium, loss of GpmA increased the sensitivity of Sal-
monella to CP when glucose was provided as the sole carbon source. However, the enhanced

sensitivity of the Salmonella AgpmA mutant was ablated in the presence of Casamino acids,
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which do not require the glycolytic pathway for consumption. Additionally, providing sodium
pyruvate as a carbon source reversed the increased sensitivity to CP, whereas glycerol did not
(Fig 6E and 6F, S4D and S4E Fig). Combined, these results suggest that the expression of
metal-independent versions of phosphoglycerate mutase are a common mechanism employed
by pathogenic bacteria to resist Mn limitation.

Discussion

The consumption of sugars via glycolysis and metals are important for pathogens during infec-
tion [4, 5, 7-10, 24, 61-66]. Sugars are the preferred carbon source for S. aureus and other
pathogens and increased availability of glucose renders individuals more sensitive to infection
[14-17]. At the same time, the host restricts the availability of metals, inactivating Mn-depen-
dent bacterial processes, including glycolysis [18, 55]. While expression of high-affinity metal
transporters enhances the ability of S. aureus and other pathogens to maintain glycolytic flux
and are critical for infection, they are insufficient to ensure that the pathogen obtains sufficient
Mn to activate Mn-dependent superoxide dismutases [27, 53]. The current work provides yet
another example of a critical Mn-dependent enzyme, Gpml, which is inactivated by nutritional
immunity. At the same time, host defenses force S. aureus to ferment sugars via the glycolytic
pathway, increasing the cellular demand for this metal [5, 7, 8]. The current work identified a
critical role for a priori redundant metal-independent variants of phosphoglycerate mutases in
both S. aureus and Salmonella in enabling glucose consumption and resisting nutritional
immunity. The Mn-independent variant of phosphoglycerate mutase in S. aureus, which is
encoded outside of the canonical glycolytic operon, is the primary isozyme used by the bacteria
when Mn-starved and is critical for infection due to the host metal-withholding response. The
conserved function of the metal-independent variant of phosphoglycerate mutase in both S.
aureus and Salmonella suggests that this approach is likely a common strategy for preserving
the ability to consume glucose while minimizing the cellular demand for Mn.

S. aureus and Salmonella are not the only pathogens that experience metal limitation during
infection nor are they the only pathogens to require glucose consumption for disease [1, 5-10,
28, 65, 66]. It therefore seems likely that other successful pathogens have adaptations that
allow them to consume glucose when metal-limited. Notably, in addition to S. aureus and Sal-
monella, many other bacterial pathogens, including S. flexneri, P. aeruginosa, and L. monocyto-
genes possess metal-dependent and -independent variants of phosphoglycerate mutase [57].
As CP is one of the most abundant proteins at sites of infection [38, 39], it seems likely that all
of these pathogens experience Mn limitation during infection. Combined with the current
observations, this suggest that using metal-independent variants of phosphoglycerate mutase
to preserve glycolytic function in the host when Mn-starved may be a conserved strategy.

Intriguingly, a number of bacterial pathogens, including S. pneumoniae, Enterococcus faeca-
lis, Haemophilus influenzae, Neisseria meningiditis, and M. tuberculosis possess only a metal-
independent version of phosphoglycerate mutase [56, 57]. Similar to other pathogens, all of
these organisms would be expected to encounter Mn-limited environments within the host.
This raises the possibility that possessing only the metal-independent variant of phosphoglyc-
erate mutase represents further adaptation to life in a Mn-poor environment. At the same
time, the majority of bacteria, archaea, protozoa and fungi, including pathogens, possesses
both metal-dependent and -independent versions of phosphoglycerate mutase. However, oth-
ers, such as Helicobacter pylori, possesses only the metal-dependent variant but also encounter
CP during infection [67]. The biochemical differences between the metal-dependent and inde-
pendent-variants of phosphoglycerate mutase extend beyond their cofactor [47, 56, 68-70].
Notably, in S. aureus the metal-dependent variant is in the primary glycolytic operon.
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Together, these observations suggest that the metal-dependent variants of phosphoglycerate
mutase provide some biological advantage.

Phosphoglycerate mutase is not the only enzyme in the glycolytic pathway that contains
both metal-dependent and -independent versions. Both metal-dependent and -independent
variants of fructose bisphosphate aldolase exist, and many pathogenic bacteria, including S.
aureus, Salmonella, Borrelia burgdorferi, S. pneumoniae, and K. pneumoniae contain both
enzymes. The metal-dependent variant is classically thought to utilize Zn as a cofactor [71-73].
Similar to GpmA, which is upregulated in response to CP treatment, the metal-independent
staphylococcal aldolase is also upregulated in the presence of CP [74]. As aldolase is the only
staphylococcal enzyme in glycolysis predicted to use Zn, this could explain why CP-imposed
Mn limitation but not Zn limitation inactivates glycolysis in S. aureus [18, 55]. More broadly,
it suggests that the metal-independent fructose bisphosphate aldolase may contribute to retain-
ing glycolytic function when metal-starved by the host. In both Salmonella and B. burgdorferi,
the Zn-independent aldolase has been suggested to provide a mechanism for the bacteria to
consume glucose when experiencing nitrosative stress [19]. In the case of B. burgdorferi, nitro-
sative stress was suggested to damage the Zn-dependent isozyme [19]. At the same time, in S.
aureus nitrosative stress has been observed to lead to a transcriptional response similar to that
seen when Zn-starved [74]. Regardless of the stress that the metal-independent aldolase
responds to, these observations suggest that metal-independent isozymes are likely to be gen-
erally important to the ability of bacteria to maintain glycolytic flux during infection.

The presence of two isozymes with differing metal utilization is not limited to glycolysis or
S. aureus and Salmonella. In Bacillus subtilis, Fe limitation leads to induction of the Fe-sparing
response, which includes increased expression of flavodoxin that can replace the iron-contain-
ing electron transfer protein ferredoxin [75]. Similarly, E. coli contains two ribonucleotide
reductases, a primary Fe-dependent enzyme, and a Mn-dependent enzyme that is crucial for
survival when bacteria experience superoxide stress or Fe limitation [76, 77]. Similarly, in
response to Zn limitation, B. subtilis will induce expression of an alternative Zn-independent
folate biosynthesis enzyme, GTP cyclohydrolase-IB (GCYH-IB). Induction of GCYH-IB pre-
vents Zn starvation from inducing a folate auxotrophy [78]. B. subtilis also possesses L31* and
L33*, Zn-independent ribosomal proteins, which promote survival when Zn-starved [79, 80].
Combined with the current observations, this suggests that replacing metal-dependent
enzymes with metal-independent variants is a common strategy for surviving Fe, Zn and Mn
limitation. Notably, the switch between utilizing the metal-dependent and -independent iso-
zyme is frequently driven by a metal-sensing regulator [75, 76, 78-80]. In S. aureus, loss of the
Fe-sensing regulator represses the expression of gpmA, but it is not predicted to be regulated
by the Mn-sensing regulator MntR [81]. While the mechanisms that control expression of
GpmA are unknown, this suggests that metal-independent regulatory circuits also play an
important role in coordinating a response to metal starvation. This idea is supported by the
observation that ArIRS, which contributes to staphylococcal growth in Mn-poor environ-
ments, appears not to sense Mn directly but rather the impact that Mn starvation has on glyco-
lytic flux (Parraga et. al. In Press).

The current investigations add metal-dependent and -independent phosphoglycerate
mutases to the growing list of enzymes that carry out apparently redundant biochemical reac-
tions, but whose distinct reaction mechanisms enable microbes to cause infection or survive in
other stressful environments [5, 6, 19, 75, 76, 78-80]. Many of these false redundancies have
been identified by studying how microbes respond to metal limitation [75-80]. However, the
importance of other pseudo-redundant enzymes has been revealed by investigating how path-
ogens cope with other stresses experienced during infection, such as the contribution of a sec-
ond staphylococcal lactic acid dehydrogenase to growth in the presence of nitric oxide and
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Table 1. PCR primers used in this study.

Name

GpmA 5 Comp
GpmA 3’ Comp
16S rRNA-F
16S rRNA-R
GpmA F
GpmA R
GpmlI F
GpmI R

K.O. gpmA F
K.O.gpmA R

https://doi.org/10.1371/journal.ppat.1007971.t001

infection [5, 6, 19]. While diverse stresses have been examined, a common denominator in all
of these studies is that they have pushed the microbes outside of their ideal environments. As
the importance of physiology to pathogenesis continues to be revealed, the current and prior
studies reveal the importance of considering the environment encountered within the host
when evaluating the contribution of enzymes to metabolism and infection.

Materials and methods
Ethics statement

All experiments involving animals were reviewed and approved by the Institutional Animal
Care and Use Committee of the University of Illinois Urbana-Champaign (IACUC license
number 15059) and performed according to NIH guidelines, the Animal Welfare Act, and US
Federal law.

Bacterial strains

Bacteria were routinely grown on tryptic soy agar (TSA) plates. For routine overnight cultures,
bacteria were grown in 5 ml of tryptic soy broth (TSB) or in Chelex-treated RPMI plus 1%
Casamino acids (NRPMI) supplemented with 1 mM MgCl,, 100 uM CaCl, and 1 pM FeCl,
[29] in 15 ml conical tubes at 37°C on a roller drum. As needed, 10 pg/ml of chloramaphenicol
was added for plasmid maintenance. S. aureus strain Newman and its derivatives were used
for all of the experiments, unless otherwise indicated. For experiments using USA300 JE2 and
derivatives (USA300 JE2 gpmA:erm and USA300 JE2 gpml:erm), strains were obtained from
the Nebraska library [82]. gpmA:erm, gpmI:erm, AmntCAmntH gpmA:erm and AmntCAmntH
gpmlI:erm were generated by transducing the gpmA:erm and gpmI:erm alleles via @85 phage
from USA300 JE2 gpmA:erm and USA300 JE2 gpmI:erm. As needed 500 pM MnCl, was
added to agar plates to facilitate recovery of mutants. All constructs were confirmed to be
hemolytic by growth on TSA blood agar plates. To generate constructs for complementation
studies, the gpmA coding sequence was amplified with the indicated primers (Table 1) and
cloned into the pOS1 vector under the control of the Py promoter [83].

S. enterica serovar Typhimurium strain 14028 was used for all Salmonella experiments. The
deletion of gpmA by inserting a chloramphenicol cassette was carried out using lambda red-
mediated recombination as described previously using the indicated primers (Table 1) [84,
85]. The insertion of the cassette was checked by PCR analysis and the construct was moved
into a clean background by P22 transduction.

Sequence
AGTCCATATGCCAAAATTAATTTTATGTCGTC
AGTCGGATCCTTATAAGTAGTATTTATC
GCTGCAGCTAACGCATTAAGCACT
TTAAACCACATGCTCCACCGCTTG
GCGTTTAAATGAACGCCACT
CACGTTGTTCTTCGGTTTCA
AGAGCAGCGCAATTATCGGA
TCGAAGACGATAGCCGCATC
ATGATTTATAGGAGTGAGAGTTGTAGGCTGGAGCTG
TATACCGCCATCCGGCAAAGGTGACATATGAATATCCTC
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CP growth assays

CP growth assays were performed as described previously [27, 32]. Briefly, overnight cultures
(grown 16-18 h at 37°C on a roller drum) were used directly and diluted 1:100 into 96-well
round-bottom plates containing 100 pl of growth medium (38% TSB and 62% calprotectin
buffer (20 mM Tris pH 7.5, 100 mM NaCl, 3 mM CaCl,, 10 mM B-mercaptoethanol)) in pres-
ence of varying concentrations of CP. Unless otherwise indicated, the bacteria were grown
overnight in NRPMI supplemented with 1 mM MgCl,, 100 uM CaCl, and 1 uM FeCl, and
directly inoculated 1:100 into the assay medium. For all assays, the bacteria were incubated
with orbital shaking (180 RPM) at 37°C and growth was measured by assessing optical density
(ODggp) every 2 hours. Prior to measuring optical density, the 96-well plates were vortexed.
For experiments utilizing defined medium, the bacteria were precultured overnight in TSB.
The defined medium consisted of 1.3 g/L NaCl, 2.6 g/L NH,Cl, 5.2 g/L KH,PO,, 18.2 g/L
Na,HPO,, 0.593 ug/L biotin, 0.593 mg/L nicotinic acid, 0.593 mg/L pyridoxine-HCI, 0.593
mg/L thiamine-HCI, 0.296 mg/L riboflavin, 1.778 g/L calcium pantothenate, 0.104 g/L phenyl-
alanine, 0.078 g/l isoleucine, 0.13 g/I tyrosine, 0.053 g/L cysteine, 0.26 g/L glutamic acid 0.026
g/L lysine, 0.182 g/L methionine, 0.078 g/L histidine, 0.026 g/L tryptophan, 0.234 g/L leucine,
0.234 g/L aspartic acid, 0.182 g/L arginine, 0.078 g/L serine, 0.15 g/L alanine, 0.078 g/L threo-
nine, 0.130 g/L glycine, 0.208 g/L valine and 0.026 g/L proline. The defined medium was sup-
plemented with 6 mM MgSO,, 1 uM FeCl,, 1 uM MnCl, and 1 uM ZnSO,. Casamino acids
(6.5%), glucose (1.3%), glycerol (1.3%), glucose (1.3%) + sodium pyruvate (0.22%) or sodium
pyruvate (1.3%) only were provided as carbon sources as indicated. Calprotectin was purified
as previously described [27, 32]. For growth assays in NRPMI, bacteria were grown overnight
in NRPMI supplemented with 1 mM MgCl,, 100 uM CaCl, and 1 uM FeCl, and directly inoc-
ulated 1:100 into the assay medium. The assay medium consisted of NRPMI and the bacteria
were grown in the presence and absence of 1 uM MnCl, or 1 uM ZnSO,. For CP growth assays
with Salmonella, 5 mM B-mercaptoethanol was used.

Expression analysis

To assess the expression of gpmA and gpml, S. aureus was grown as for CP growth assays in
complex medium in the presence and absence of 240 pg/ml of CP, with the exception that they
were precultured overnight in TSB. Bacteria were harvested during log phase growth (ODgg =
~0.1), when the samples were collected, an equal volume of ice-cold 1:1 acetone-ethanol was
then added to the cultures, and they were frozen at -80°C until RNA extraction. RNA was
extracted and cDNA was generated, as previously described [86-88]. Gene expression was
assessed by quantitative reverse transcription-PCR (qRT-PCR) using the indicated primers
(Table 1, [29]) and 16S was used as a normalizing control.

Animal infections

Mouse infections were performed as described previously [25, 27]. Briefly, 9-week old wild
type or CP-deficient (S100A9-/-) mice were infected retro-orbitally with approximately 5 x 10°
CFU in 100 pl of sterile phosphate-buffered saline. Following injection, the infection was
allowed to proceed for 96 h before the mice were sacrificed. Livers, hearts and kidneys were
removed, the organs were homogenized, and bacterial burden was determined by plating serial
dilutions.
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Supporting information

S1 Fig. Expression of a metal-independent phosphoglycerate mutase promotes resistance
to manganese starvation. Growth curves for the data presented in Fig 2. (A) Wild type S.
aureus Newman, AgpmA and AgpmI and (B) wild type S. aureus Newman and AgpmA contain-
ing either pOS1 plgt (plgt) or pOS1 plgt:gpmA (plgt:gpmA) were grown in rich medium in the
presence of increasing concentrations of CP. (C) Wild type USA300, AgpmA and AgpmI and
(D) wild type USA300 and AgpmA containing either pOS1 plgt (plgt) or pOS1 plgt:gpmA (plgt:
gpmA) were grown in rich medium in the presence of increasing concentrations of CP. (E)
Growth of wild type S. aureus Newman, AgpmA and AgpmI derivatives, in NRPMI in the pres-
ence and absence of 1 uM MnCl, or 1 uM ZnSO,.

(TIF)

S2 Fig. Expression of a metal-independent isozyme facilitates retention of glycolysis when
manganese-starved. Growth curves for the data presented in Fig 3. (A-D) S. aureus wild type,
AgpmA and AgpmI were grown in defined medium supplemented with (A) glucose (DM + glu-
cose), (B) Casamino acids (DM + AA), (C) glucose and sodium pyruvate (DM + glucose

+ pyruvate) or (D) glycerol (DM + glycerol) as a carbon source in the presence of increasing
concentrations of CP.

(TIF)

S3 Fig. Loss of GpmA sensitizes S. aureus to manganese limitation in the absence of man-
ganese transporters. Growth curves for the data presented in Fig 4. (A & B) The growth of
wild type, AgpmA, AmntC AmntH and AmntC AmntH AgpmA, Agpml, AmntC AmntH and
AmntC AmntH AgpmI were assessed in rich medium supplemented with 1 uM MnCl, and

1 uM ZnSO, in the presence of increasing concentrations of CP. Panel A shows the optical
density of wild type mutant strains at t = 8 before normalization to either wild type or the
AmntC AmntH background.

(TIF)

S$4 Fig. A metal-independent phosphoglycerate mutase enables glycolysis when S. enterica
Typhimurium is manganese-starved. Growth curves for the data presented in Fig 6. (A)
Wild type Salmonella and AgpmA were grown in rich medium in the presence of increasing
concentrations of CP. (B-E) Wild type Salmonella and AgpmA were grown in defined medium
(DM) supplemented with (B) glucose (DM + glucose), (C) Casamino acids (DM + AA), (D)
glycerol (DM + glycerol) or (E) sodium pyruvate (DM + pyruvate) as a carbon source in the
presence of increasing concentrations of CP.

(TIF)
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