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ABSTRACT  Enterococcus faecalis, a gut commensal, is a leading cause of opportunistic
infections. Its virulence is linked to its ability to thrive in hostile environments, which
includes host-imposed metal starvation. We recently showed that E. faecalis evades
iron starvation using five dedicated transporters that collectively scavenge iron from
host tissues. Interestingly, heme, the most abundant source of iron in the human
body, supported the growth of a strain lacking all five iron transporters (A5Fe). To
release iron from heme, many bacterial pathogens utilize heme oxygenase enzymes to
degrade the porphyrin ring that coordinates the iron ion of heme. Although E. faeca-
lis lacks these enzymes, bioinformatics revealed a potential ortholog of the anaerobic
heme-degrading enzyme anaerobilin synthase, found in Escherichia coli and a few other
gram-negative bacteria. Here, we demonstrated that deletion of OG1RF_RS05575 in E.
faecalis (ARS05575) or in the A5Fe background (A5FeARS05575) led to intracellular heme
accumulation and hypersensitivity under anaerobic conditions, suggesting RS05575
encodes an anaerobilin synthase, the first of its kind described in gram-positive bacteria.
Additionally, deletion of RS05575, either alone or in the A5Fe background, impaired
E. faecalis colonization in the mouse gastrointestinal tract and virulence in mouse
peritonitis and rabbit infective endocarditis models. These results support the proposal
that RS05575 is responsible for the anaerobic degradation of heme and identifies this
relatively new enzyme class as a novel factor in bacterial pathogenesis. The findings from
this study are likely to have broad implications, as homologues of RS05575 are found in
other gram-positive facultative anaerobes.

IMPORTANCE Heme is an important nutrient for bacterial pathogens, mainly for its
ability to serve as an iron source during infection. While bacteria are known to release
iron from heme using enzymes called heme oxygenases, a new family of anaerobic
heme-degrading enzymes has been described recently in gram-negative bacteria. Here,
we report the first description of anaerobic heme degradation by a gram-positive
bacterium, the opportunistic pathogen Enterococcus faecalis, and link activity of this
enzyme to their ability to colonize and infect the host. We also show that homologs of
this enzyme are found in many gram-positive facultative anaerobes, implying that the
ability to degrade heme under anaerobic conditions may be an overlooked fitness and
virulence factor of bacterial pathogens.
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facultative anaerobe, Enterococcus

Enterococcus faecalis is a facultative anaerobe known for its intrinsic multi-stress
resiliency and ability to cause numerous opportunistic infections (1). However, E.
faecalis is also a member of the gut microbiota and will typically only cause disease
under specific conditions that include, but are not limited to, extended antibiotic usage,
compromised immunity, and utilization of indwelling medical devices (2). For the most

May 2025 Volume 16 Issue 5

Editor Danielle A. Garsin, The University of Texas
Health Science Center at Houston, Houston, Texas,
USA

Address correspondence to José A. Lemos,
jlemos@dental.ufl.edu.

The authors declare no conflict of interest.
See the funding table on p. 17.

Received 16 January 2025
Accepted 12 March 2025
Published 11 April 2025

Copyright © 2025 Brunson et al. This is an open-
access article distributed under the terms of the
Creative Commons Attribution 4.0 International
license.

10.1128/mbio.00146-25 1


https://crossmark.crossref.org/dialog/?doi=10.1128/mbio.00146-25&domain=pdf&date_stamp=2025-04-11
https://doi.org/10.1128/mbio.00146-25
https://creativecommons.org/licenses/by/4.0/

Research Article

part, the virulence of E. faecalis derives from its inherent capacity to overcome various
stress conditions, form biofilms on both biotic and abiotic surfaces, and subvert
immune responses (3). Regarding the latter, a central aspect of the innate immune
response of enterococcal hosts involves the rapid mobilization of proteinaceous metal
chelators to the site of infection that avidly bind to trace metals such as iron, manganese,
and zing, a process known as nutritional immunity (4-7).

An essential trace metal to virtually all forms of life, iron holds a prominent role in
bacterial physiology and in host-pathogen interactions as its electrochemical proper-
ties and abundance in nature make it the preferred redox cofactor for enzymatic
reactions (8). We recently showed that E. faecalis can efficiently scavenge iron from
the environment via the cooperative activity of three highly conserved and two
novel iron transporters (9). The simultaneous inactivation of all five transporters (A5Fe
strain) resulted in major growth impairment under iron-depleted conditions, which,
as expected, was accompanied by a substantial reduction in intracellular iron pools.
However, the virulence potential of the A5Fe strain in animal models varied depending
on the type of model (the invertebrate Galleria mellonella larvae or mice) and, in the case
of mice, the infected site. Specifically, the virulence of A5Fe was significantly attenuated
in G. mellonella; however, the A5Fe strain showed the impaired capacity to infect the
peritoneal cavity while it disseminated and infected spleens as well as the parental strain.
We suspected that these differences correlate with heme availability, as heme—plentiful
in blood and mammalian tissues—serves as a major source of iron for some of the most
successful bacterial pathogens (10-13). Furthermore, non-hematophagous insects like G.
mellonella are virtually heme-free, as they use two copper ions coordinated by histidine
residues to transport oxygen rather than the hemoglobin/Fe-heme complexes found in
vertebrates (14). As anticipated, heme supplementation restored growth and intracellular
iron homeostasis in the A5Fe strain grown in media lacking any other type of iron
source, while the injection of small amounts of heme into the G. mellonella hemocoel
restored virulence of A5Fe to levels comparable to those of the parent strain (9). While
these results clearly demonstrate that E. faecalis can utilize heme as an iron source,
the mechanisms by which it acquires heme from the environment—since enterococci
cannot synthesize heme (15, 16)—and how the iron ion is released from the porphyrin
ring remain unknown.

Oxidative degradation mediated by heme oxygenases is the best-described
mechanism of heme degradation in bacteria (17). In important and diverse bacte-
rial pathogens such as Corynebacterium diphtheriae and Pseudomonas aeruginosa, the
canonical HO-1 heme oxygenase uses oxygen to disrupt the tetrapyrrole ring to liberate
biliverdin, CO,, and Fe?* (17, 18). Some bacteria encode the so-called non-canonical
heme oxygenase, such as the Staphylococcus aureus 1sdG/I, which uses oxygen to
degrade heme into staphylobilin and formaldehyde (19-21). Additionally, Streptococcus
pyogenes and Helicobacter pylori utilize pyridoxamine 5-phosphate oxidase like enzymes
to degrade heme and release CO, and Fe*" (17). Recently, an oxygen-sensitive radi-
cal S-adenosylmethionine methyltransferase (rSAM), named ChuW, was identified in
Escherichia coli and shown to degrade heme’s porphyrin ring under anaerobic conditions
(22). ChuW utilizes a primary carbon radical S-adenosylmethionine to promote methyl
transfer and subsequent linearization of the porphyrin ring, releasing the iron atom and
the linear tetrapyrrole product anaerobilin, hence the designation anaerobilin synthase
(22, 23). Aside from E. coli, ChuW homologs have been described in Vibrio cholerae and
Fusobacterium nucleatum (22, 24, 25). Considering that either canonical or non-canoni-
cal heme oxygenases cannot function under anaerobic conditions, the presence of an
oxygen-independent enzyme that mediates heme degradation is expected to provide a
competitive advantage for bacteria that inhabit anaerobic environments.

Through bioinformatic analysis, we identified a ChuW ortholog in the E. faecalis
OG1RF genome. Further analysis indicated that OG1RF_RS05575 (hereafter referred to
as RS05575) is conserved across the Enterococcus genus as well as other facultative
anaerobic gram-positive cocci (26). In this investigation, we provide the first insights into
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the mechanisms of anaerobic heme degradation in gram-positive bacteria and, for the
first time, link the activity of a potential anaerobilin synthase with bacterial virulence.

RESULTS
E. faecalis internalizes and utilizes heme as an iron source

We recently showed that E. faecalis utilizes heme as an iron source while others have
shown that it will grow to higher cell density and form more robust biofilms in the
presence of heme (9, 27). To further explore the relationship between heme and iron in E.
faecalis, we tested whether heme supplementation could hinder elemental iron uptake.
To do so, E. faecalis OG1RF was grown to mid-log phase in a chemically defined medium,
FMC, lacking an iron source (28). Then, mid-log grown cultures were divided into aliquots
and supplemented with either 1 uM *Fe (control), 1 uM **Fe + 10 pM heme, or 1 uM **Fe
+ 40 uM FeSO4 with samples taken after 1 and 5 min. As expected, the addition of cold
(unlabeled) FeSO, effectively slowed *°Fe uptake with ~70% reduction after 5 min when
compared to the control sample (Fig. TA). Heme was also effective, seemingly more than
FeSOy, as it reduced **Fe uptake by ~90% after the same period (Fig. 1A). As we have
shown that the transcription of the iron transporters efaABC, emtABC, feoAB, fhuDCBG,
and fitABCD was significantly elevated during iron starvation (9), we next asked if heme
supplementation could shut down this activation. Indeed, heme treatment lowered
transcription of feoB (~3-fold), fitA (~15-fold), fhuB (~13-fold), and emtB (~1.5-fold) (Fig.
1B). However, heme treatment led to ~100-fold increase in efaA expression (Fig. 1B).
Because efaCBA codes for a dual iron/manganese transporter, we wondered if this
induction was necessary to enhance manganese uptake to mitigate heme toxicity and
assure maintenance of a balanced iron:manganese ratio. To investigate this possibility,
we assessed mntH2 levels, the other major manganese transporter in E. faecalis (29),
as well as the heme efflux pump hrtA (30). As predicted, mntH2 levels were 10-fold
higher after heme treatment, while hrtA was induced by approximately 100-fold (Fig. 1B).
Finally, we determined the intracellular heme content of OG1RF cultures grown in FMC
supplemented with 20 uM heme £10 uM FeSO4. We found that when grown with both
heme and FeSQy, intracellular heme levels nearly doubled (~73% increase) compared to
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FIG 1 Enterococcus faecalis uses heme as an iron source. (A) *°Fe uptake by E. faecalis is diminished by competition with unlabeled heme and iron. OG1RF was
grown in FMC[—Fe] to ODggg 0.5 and **Fe uptake monitored at 1 and 5 min after the addition of 1 uM **Fe, 1 uM **Fe + 10 uM heme, or 1 pM *Fe + 40 uM FeSO4.
Statistical significance was determined by two-way ANOVA with Dunnett’s multiple comparison test. (B) RT-PCR analysis showing that heme supplementation
represses iron uptake genes but activates the transcription of manganese uptake genes. OG1RF was grown to ODggq 0.5 in FMC[-Fe] and sampled before and
60 min after supplementation with 20 uM heme. Statistical significance was determined using the Student’s t-test. (C) Excess iron leads to increased intracellular
heme levels. OG1RF was grown in either FMC[-Fe + 20 uM heme] or FMC[+10 uM Fe + 20 pM heme] to ODggg 0.5, and the intracellular heme content was

determined. Statistical significance was determined using the Student’s t-test, *P < 0.05, **P < 0.01, ****P < 0.0001.
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cells grown only in heme, indicating that E. faecalis may slow down heme degradation
(Fig. 1C). While counterintuitive, it is also possible that heme uptake increases when more
iron is available extracellularly. Collectively, these results provide unequivocal evidence
that E. faecalis can rapidly import and then degrade heme to release the iron ion.

Identification of an oxygen-sensitive heme-degrading enzyme in E. faecalis

To serve as an iron source, the porphyrin ring of heme must be degraded. In bacteria,
oxidative degradation is often mediated by enzymes called heme oxygenase. In silico
analysis of BLASTp searches of known bacterial heme degrading enzymes in NCBI
and Bacterial and Viral Bioinformatic Resource Center (BV-BRC) databases indicate that
enterococcal genomes do not encode heme oxygenases (17, 26) but, on the other
hand, identified an ortholog of E. coli ChuW (gene ID: OG1RF_RS05575). ChuW is an
oxygen-sensitive, r-SAM-type enzyme that catalyzes the degradation of heme into a
linear tetrapyrrole named anaerobilin (23). Even though the similarity between ChuW
and RS05575 appears unremarkable (23% identity and 44.5% similarity), the CXXXCXXC
r-SAM motif essential for binding of S-adenosylmethionine and an aspartic acid residue
critical for ChuW activity (23) are conserved in RS05575, with several other important
residues identified in ChuW and few other anaerobilin synthases characterized to date
being also present in RS05575 (Fig. 2A). Despite this moderate similarity at the amino
acid level, superimposition of AlphaFold2 predicted structures of E. coli ChuW and
E. faecalis RS05575 revealed a striking structural similarity between the two proteins
(Fig. 2B). Using a pairwise structure alignment tool from the Research Collaboratory
for Structural Bioinformatics Protein Data Bank (31), we derived analytical scores to
demonstrate the structural similarity of ChuW and RS05575 with a root mean square
deviation score of 3.01 and a template modeling score of 0.78. Using the AlphaFold
server and the HeMoQuest webserver to predict potential ligand interactions, we
found that RS05575 likely binds heme using Y7, C20, Y59, Y190, Y236, and/or H250
as coordinating residues (Fig. S1). The RS05575 gene does not appear to be part of an
operon and is flanked by a magnesium exporter (mgtA) and a stress response regulator
(hrcA) (Fig. 2C). Analysis of all genome sequences available at the BV-BRC (26) indicated
that RS05575 is widespread among enterococci and members of the Enterococcaceae
family (Fig. 3; Table S1). Notably, RS05575 orthologs with ~70% similarities are found in
several facultative gram-positive anaerobes, including streptococcal and staphylococcal
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FIG 2 Identification of a putative anaerobilin synthase in E. faecalis. (A) Amino acid alignment of E. faecalis RS05575 and E. coli ChuW. The canonical rSAM

CXXXCXXC motif is outlined in red, the aspartic acid residue known to be important for ChuW activity is outlined in green, and residues conserved across E.
coli ChuW, Vibrio cholerae HutW, and Fusobacterium nucleatum HmuW are outlined in blue. (B) AlphaFold2 structures of E. faecalis RS05575 and E. coli ChuW
superimposed on each other using ChimeraX. (C) RS05575 appears to be part of a monocistronic operon and is flanked by a magnesium exporter, mgtA, and a
stress response regulator, hrcA.
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FIG 3 Phylogenetic analysis of RS05575 homologs in other gram-positive facultative anaerobes and select gram-negatives. BLASTp searches against RS05575
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species. We also observed no discernible pattern between organisms that possess an
RS05575 ortholog and whether they can synthesize their own heme or have other
known mechanisms for heme degradation (Fig. 3).

Inactivation of RS05575 differentially affects growth of E. faecalis under
aerobic and anaerobic conditions

To explore the biological significance of RS05575, we generated an RS05575 deletion
(ARS05575) and genetically complemented (ARS05575c¢) strains. We assessed the growth
of ARS05575 in FMC medium originally prepared without an iron source (FMC[-Fe])
and then supplemented with either 20 uM heme (FMC[+heme]) or 20 uM FeSO4
(FMC[+Fe]). As we expected RS05575 to be only active under anaerobiosis, we assessed
the capacity of ARS05575 to grow under both aerobic and anaerobic conditions. For the
latter, we used FMC retaining dissolved oxygen (herein FMCpp) as well as O,-purged
media (FMCqap). In FMC[-Fe], the ARS05575 strain grew as well as the parent, reaching
slightly higher growth yields under the more strict (FMCqgyp) anaerobic condition (Fig.
4A through C). Similar results were obtained in FMC[+Fe] as the mutant reached higher
final growth yields under anaerobiosis (Fig. 4D through F). In FMC[+heme], the ARS05575
strain grew similarly to the parent strain, reaching higher growth yields when incubated
in air but not in FMCpg (Fig. 4G through H). Notably, both the OG1RF parent and
ARS05575 strains struggled to grow in the presence of heme under strict (FMCqp)
anaerobic conditions. Specifically, OG1RF grew very poorly with an extended lag phase
of ~12 h, while the ARS05575 strain failed to grow (Fig. 4l). Genetic complementation
restored all relevant growth phenotypes to parental levels (Fig. 4C, G and I) of ARS05575.

Inactivation of RS05575 leads to heme accumulation in microaerophilic and
anaerobic environments

To investigate the role of RS05575 in heme catabolism, we quantified intracellular heme
in the OG1RF and ARS05575 strains grown to mid-log phase in FMC[—Fe] supplemented

May 2025 Volume 16 Issue 5

10.1128/mbio.00146-25 5


https://doi.org/10.1128/mbio.00146-25

Research Article

[-Fe] [+20 uM Fe]

0.8 0.8
-9 0.6 0.6
o] )
g
8
e 004 8
0 ] 8 0.4
< 0.2
0.2
0.0
0 3 6 9 12 15 18 0.

0 3 6 9 12 15 18
Time (Hours)
® OG1RF  m ARS05575

Time (Hours)
® OG1RF m ARS05575

—
o 0.8 0.8
S 0.6 06
o . i
'S Sos 8
a
S
q, 0.2 0.2
c 0.0t 00
< 0 3 6 9 12 15 18 0 3 6 ] 9 12 15 18
Time (Hours) Time (Hours)
+ OG1RF = ARS05575 + OG1RF = ARS05575
— C 0.8 F 08
QN 0.6
O ' 0.6
' o
kS s
Q04 3
.-CE’ ° g o4
(@] 02 s
E .
0.0
m 0.0¢
c Time (Hours) 0 3 6 9 12 15 18
< + OG1RF = ARS05575 8 ARS05575¢ Time (Hours)
+ OG1RF = ARS05575

mBio

[+20 uM heme]

0.8

0.6

ODsoo
N
S

0.2

0.0}
0 3 6 9 12 15 18
Time (Hours)
+ OG1RF = ARS05575 & ARS05575¢

H

0.8

0.6

ODsoo
o
'S

0.2

0.0
0 3 6 9 12 15 18
Time (Hours)
+ OG1RF = ARS05575

0.2

0.0temREE £
0 3 6 9 1

Time (Hours)
+ OG1RF = ARS05575 = ARS05575¢c

2 15 18
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(H) FMCg2p[+20 pM Fe], and (1) FMCoop[+20 uM heme]. Cells were grown overnight in FMC[-Fel, FMCpp[—Fel], or FMCqpyp[—Fel, normalized to ODggg 0.2,
and sub-cultured at 1:200 into the designated media. Growth was monitored by measuring ODggp every 30 min using an automated growth reader. The

ARS05575c¢ strain was used to show genetic complementation of the more noticeable phenotypes (C, G, and I). Error bars denote the standard error of the mean

from at least two independent experiments with three biological replicates each.

with 20 pM heme under an oxygen gradient (see Materials and Methods and Fig. 5A for
details) While dissolved oxygen levels had no impact on heme pools in OG1RF, intracellu-
lar heme nearly doubled in ARS05575 grown under low oxygen (static with no head-
space) or anaerobic conditions (Fig. 5B). Genetic complementation reversed this
phenotype (Fig. 5C).

To further define the role of RS05575 in heme degradation and its importance to iron
homeostasis, we leveraged the extreme iron starvation that can be imposed on the A5Fe
strain by growing cells in iron-depleted media (9). Specifically, we generated a sextuple
mutant by introducing the RS05575 deletion into the A5Fe background and used the
original A5Fe as well as the ARS05575 and A5FeARS05575 strains to compare their heme
uptake and degradation efficiency. When compared to A5Fe, the A5FeARS05575 strain
grew equally well in different oxygen content under iron-starving conditions or in media
supplemented with either FeSO4 or heme (Fig. S2A through I). However, different from
ARS05575, the A5FeARS05575 strain grew in FMCpyp[+heme] albeit still displaying an
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FIG 5 RS05575 degrades heme under oxygen-depleted conditions. (A) Strains were grown in FMC[+20 pM heme] to ODggg ~0.5 in a shaking incubator with
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contained dissolved oxygen to bypass the extreme growth defect under anaerobic conditions in the presence of heme. (B, C) Intracellular heme content of
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**%%p < 0.0001.

extended lag phase. The reason for this unexpected observation remains to be deter-
mined.

Upon identifying conditions that supported the growth of all strains, we next
monitored their heme uptake capacity by growing cells to mid-log phase in
FMCqypl—Fe], spiking cultures with 10 uM heme, and monitoring intracellular heme
content 5, 15, and 60 min after heme treatment. As expected based on prior evidence
that the A5Fe strain is primed to take up heme (9), both A5Fe and A5FeARS05575
acquired heme much more rapidly than the OGTRF and ARS05575 strains (Fig. 6A,
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notable differences at Ti5 min). TOo monitor heme degradation, we set up another
experiment where cultures were spiked with 10 uM heme for 15 min, the cells collec-
ted by centrifugation, washed in phosphate-buffered saline (PBS), and suspended in
fresh FMCqop[—Fe] with intracellular heme monitored for up to 3 h. While intracellular
heme continued to increase in both OG1RF and ARS05575 during the first hour after
media change, likely due to residual uptake of heme bound to the cell surface, it
declined by ~35% in OG1RF after 3 h while remaining steady in ARS05575 (Fig. 6B).
Most importantly, heme levels sharply decreased (~65%) in the A5Fe strain after 3 h but
not in A5FeARS05575. Collectively, these results strongly support that RS05575 mediates
anaerobic heme degradation.

The transcriptional expression of RS05575 is not dependent on oxygen, iron,
or heme levels and is not regulated by Fur

In E. coli, chuW is part of a heme utilization operon transcriptionally regulated by the
iron-sensing regulator Fur. However, the RS05575 operator region does not have a
canonical Fur-binding sequence, and based on a previous transcriptome study, is not
a member of the Fur regulon in E. faecalis (32). To confirm that RS05575 is not regulated
by Fur, we used RT-gqPCR to determine the transcriptional levels of RS05575 in parental
and Afur backgrounds that were grown to mid-log phase in FMC [-Fe/+20 uM heme]
and observed no significant differences in RS05575 levels in parent and Afur strains (Fig.
7A). We next asked whether changes in iron, heme, or oxygen levels had any influence
on RS05575 transcription. For this, we grew the parental strain in FMC with or without
the addition of 20 pM heme and/or 10 uM FeSO4 under both aerobic and anaerobic
(FMCpp) conditions. Again, we found no significant differences in RS05575 transcription
levels across the conditions evaluated (Fig. 7B). We then assessed transcriptional levels of
RS05575 during the different stages of growth in FMC [—Fe + 20 uM heme] and quantified
RS05575 mRNA levels at early-log (ODggg 0.2), mid-log (ODgpg 0.4), and late-log (ODggg
0.6) phases. Once more, we observed no differences in RS05575 transcription during
different growth phases (Fig. 7C). Finally, we used FMCpyp[—Fe] to assess the RS05575
mRNA levels under truly anaerobic conditions before and after heme exposure. OG1RF
was grown in FMCpyp[—Fe] in the anaerobe chamber to mid-log phase (ODggg 0.4),
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FMCoyp[—Fel at which point cultures were supplemented with 10 uM heme and the intracellular heme determined after 0, 5, 15, and 60 min. (B) Cultures were

supplemented with 10 uM heme for 15 min, washed, and cell pellets suspended in FMCq,p[—Fe]. Samples were taken at 0, 60, and 180 min after heme removal.

All data were normalized to protein content. Experiments were performed with three biological replicates on at least two independent occasions. Error bars
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FMCosp [—Fe] before and 15 min after 10 uM heme supplementation.

and samples were taken prior to and 15 min after the addition of 10 uM heme to the
media. We found that RS05575 transcript levels were again largely unaffected by heme
supplementation (Fig. 7D). Taken together, these results suggest that RS05575 is likely
constitutively expressed. To support this idea, mining of published transcriptome data
revealed that gene expression of RS05575 remains unchanged in a mouse peritonitis
model and upon exposure to human blood or urine ex vivo (33-35).

RS05575 plays a role in E. faecalis virulence and intestinal colonization

Upon demonstration that RS05575 mediates heme degradation under anaerobic
conditions, we sought to investigate its possible role in enterococcal fitness and
pathogenesis. Given the close association between heme and iron homeostasis,
we conducted the following series of experiments using the ARS05575, A5Fe, and
A5FeARS05575 strains. First, we used an intraperitoneal challenge mouse model, in
which E. faecalis spreads systemically within 24 h. As shown previously (9), the ability
of the A5Fe strain to infect the peritoneal cavity was impaired (~1 log reduction) when
compared to OG1RF but not in the (heme-rich) spleen (Fig. 8A and B). We also showed
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that the A5Fe strain could efficiently colonize the heart and liver but not the kidney (Fig.
8C through E). The ARS05575 single mutant displayed the defective ability to infect the
peritoneal cavity, liver, and kidney, but not the spleen or heart. Finally, the virulence of
A5FeARS05575 was attenuated in all tissues sampled and was the only mutant recovered
at significantly lower numbers from spleens and hearts when compared to the OG1RF
parent strain (Fig. 8).

Next, we used the rabbit infective endocarditis (IE) model to determine if RS05575
also plays a role in enterococcal IE and, in parallel, assess the virulence potential of the
A5Fe strain in this life-threatening infection. Briefly, upon creation of a sterile vegetation
of the heart endothelium, the animals were systemically infected with an inoculum
containing equal amounts of OG1RF, ARS05575, A5Fe, and A5FeARS05575 strains, and
the percentage of each strain recovered from infected heart vegetations assessed 24
h post-infection (Fig. 9A). The A5Fe (~12%) and A5FeARS05575 (<5%) strains were
recovered at significantly lower rates when compared to OG1RF (~48%) (Fig. 9B). The
ARS05575 strain was also recovered at lower rates (~30%), but this difference was not
statistically significant when compared to OG1RF.

In the final set of experiments, we evaluated the importance of iron scavenging and
RS05575 to the ability of E. faecalis to colonize its natural habitat, the mammalian gut. For
this, we used a mouse model (36, 37) in which the gut flora is depleted with antibiotics
prior to oral gavage with individual strains (Fig. 10A). Strain fitness was determined by
enumeration of bacteria recovered from feces 1, 2, and 3 days post-gavage (see Fig.
10A and Materials and Methods for details). When compared to animals infected with
OG1RF, we observed significant decreases in the recovery of all three mutants over
time, with the sextuple mutant showing the largest defect (Fig. 10B). These studies
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(A) Schematic of model. (B) Graph shows the percent of each strain recovered from each animal. Each symbol represents an individual rabbit, and the horizontal

line represents the median recovery of each strain. Statistical significance was determined using a repeated measures one-way ANOVA with a Holm-Sidak’s

multiple comparisons test. **P < 0.01.

collectively demonstrate that RS05575 enhances enterococcal fitness and virulence
potential within the host, implicating, for the first time, anaerobic heme degradation
in bacterial pathogenesis.

DISCUSSION

In bacteria, heme serves both as a nutrient cofactor and as an iron source. However,
when in excess, it disrupts the cellular membrane, triggers DNA damage, and oxidizes
lipids (38). To maintain heme homeostasis, bacteria evolved different mechanisms to
acquire, export, synthesize, degrade, and sequester heme (13, 39). While several of these
mechanisms have been identified and characterized in other gram-positive pathogens,
little is known about the mechanisms utilized by enterococci to acquire, utilize, and
maintain heme homeostasis (26, 38). Previously, we showed that iron starvation in E.
faecalis can be fully reversed by heme supplementation (9). Here, we provided unequivo-
cal evidence that heme serves as a major, if not the preferred, iron source for E. faecalis
by showing that free iron uptake is inhibited by heme supplementation. Furthermore, we
showed that intracellular heme remains elevated when free iron is abundant, indicating
that E. faecalis possesses dedicated, likely inducible, mechanisms to degrade and then
use heme as an iron source. While the prevailing bacterial mechanism to degrade heme
is through oxidative degradation, mediated by heme oxygenases (17, 40), extensive
sequence-based bioinformatic searches for the presence of these enzymes in enterococ-
cal genomes failed to reveal potential candidates. Thus, it is possible that enterococci rely
on a non-enzymatic mechanism, termed coupled oxidation, to degrade heme when in
the presence of oxygen (26, 41, 42). For example, the respiratory pathogen Streptococcus
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by plating stool samples on bile esculin agar with rifampicin (200 ug mL™"). Data are shown with median. Statistical significance was determined using multiple

Mann-Whitney tests for significance with Bonferroni-Dunn correction for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

pneumoniae has been shown to degrade heme via the production of H,0,, a metabolic
byproduct of pyruvate oxidase and lactate oxidase enzymatic reactions (41-43). While E.
faecalis does not encode either of these enzymes; it is known to generate low amounts of
H,0, that can be enhanced when cells are grown on alternative sugars such as glycerol
and galactose (44, 45).

While studies to elucidate the mechanisms of aerobic heme degradation and identify
the mechanism(s) by which E. faecalis obtains heme from the environment are active
areas of investigation in our laboratory, here we describe the identification of RS05575,
an enzyme that resembles E. coli ChuW. The discovery of ChuW unveiled a new
paradigm for heme degradation that, due to the high oxygen sensitivity of this new
class of enzyme, is anticipated to be restricted to facultative or strict anaerobes (22,
23, 25). Despite RS05575 annotation as a coproporphyrinogen synthase, an enzyme
that catalyzes the conversion of coproporphyrinogen il to protoporphyrinogen IX, E.
faecalis genomes lack the remaining biosynthetic operon for anaerobic heme synthesis.
In fact, a homolog of RS05575 in S. aureus Newman strain (68% amino acid similar-
ity with RS05575) was found to have no role in anaerobic heme biosynthesis (46).
Leveraging the fact that the A5Fe strain heavily depends on heme to maintain iron
homeostasis, we showed that even though A5Fe strains are primed for heme uptake,
the accelerated heme degradation that is observed in A5Fe is completely lost in the
sextuple A5FeARS05575 mutant under oxygen-depleted conditions. In agreement with
the anticipated oxygen sensitivity of RS05575, we also found that RS05575 can only
protect E. faecalis from heme toxicity under strict anaerobic conditions. Collectively,
these studies reveal that RS05575 mediates heme degradation and is critical for heme
homeostasis under anaerobiosis and, possibly, microaerophilic conditions.

Previously, we used the peritonitis model to demonstrate that the importance of
iron scavenging transport systems to E. faecalis virulence was host niche dependent,
and speculated that these tissue/organ-specific differences were linked to differences
in heme bioavailability (9). Here, we followed up on these observations by revisiting
the virulence potential of A5Fe in the peritonitis model while also testing the virulence
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potential of ARS05575 and A5FeARS05575. To further probe the proposed niche-specific
association of iron and heme bioavailability with pathogenesis, we sampled additional
organs by determining bacterial burden in livers, kidneys, and hearts homogenates.
We confirmed the impaired (niche-dependent) virulence phenotype of the A5Fe strain
that now includes evidence of impaired colonization of kidneys but not of other
organs such as spleen (shown before), heart, or liver. Noteworthy, the ARS05575 and
A5FeARS05575 strains also displayed impaired ability to colonize the kidney. Here, it
should be noted that the kidney is highly susceptible to heme-iron injury and that
HO-1 levels are elevated in kidneys to protect the organ from heme toxicity (47). While
we cannot explicitly link recovery of ARS05575, A5Fe, and/or A5FeARS05575 strains to
bioavailability in iron and/or heme in each of the tissues, we suspect that attenuation or
recovery equivalent to the parent strain is dependent on a combination of bioavailable
metals and differences in nutritional needs of E. faecalis in each tissue. In the end, the
most relevant finding from these studies is that the fitness and virulence potential of
ARS05575 alone is attenuated and exacerbated when RS05575 is inactivated in the A5Fe
background. In fact, only the sextuple A5FeARS05575 strain displayed significant defects
in dissemination to the spleen and heart and was the least fit strain in the competitive
rabbit |[E model. Similar trends were noted in the gut colonization mouse model whereby
all mutants colonized the gut poorly when compared to the parent strain. In the future,
it will be interesting to assess the virulence potential of these mutants in localized
infections, such as wounds or urinary tract infections, and to test their ability to colonize
the gut when levels of heme are elevated, whether from intake of a heme-rich diet
or due to colitis (48, 49). As we observed fitness defects in the colonization of the
polymicrobial mouse gastrointestinal tract, it would also be compelling to determine
how the loss of RS05575, alone or in the A5Fe background, affects E. faecalis fitness and
pathogenic behavior in polymicrobial biofilm infections.

While biochemical studies are still lacking, this study provides the first description
of a possible mechanism of anaerobic heme degradation in a gram-positive bacterium.
Moreover, it links, also for the first time, anaerobic heme degradation with bacterial
colonization of the host. Because RS05575 orthologs are present in other gram-positive
bacteria, findings from this study provide the foundation for future studies that can
establish a new paradigm for how other gram-positive facultative anaerobes utilize heme
and, at the same time, protect themselves from heme toxicity under oxygen-depleted
conditions.

MATERIALS AND METHODS
Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Table 1. All E. faecalis strains were grown
overnight aerobically at 37°C in BHI (Difco) unless otherwise noted. For controlled growth
under metal-depleted conditions, we used the chemically defined FMC media originally
developed for the cultivation of oral streptococci (36), with minor modifications. The
recipe for FMC is shown in Table S2. Specifically, the base media were prepared without
any of the metal components (magnesium, calcium, iron, and manganese) and treated
with Chelex (BioRad) to remove contaminating metals. The pH was adjusted to 7.0, and
filter was sterilized. All FMC component solutions were prepared using National Exposure
Research Laboratory (NERL) trace metal grade water, filter sterilized, and then added
to the media. Heme (Sigma-Aldrich) was prepared in 1.4 M NaOH in NERL trace metal
grade water. Calcium, magnesium, manganese, iron, and heme were added at concentra-
tions specified in the text or figure legend. For reverse transcriptase quantitative PCR
(RT-gPCR) analysis, RNA was isolated from cells grown in FMC[—Fe] to ODgqq of 0.4 and
spiked with 20 uM heme with aliquots taken 0 and 60 min post-heme supplementation.
To generate growth curves, cultures were grown in FMC[—Fe] and diluted 1:200 into fresh
FMC[-Fe] supplemented with heme and/or FeSO4 as indicated in the text and figure
legends. Aerobic cell growth was monitored using the Bioscreen growth reader (Oy
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TABLE 1 Bacterial strains used in this study

E. faecalis strain Relevant characteristics Source
OGI1RF Rif" Fus" Lab
collection

NefaCBAAfeoBAfhuBAfitABAemtB  efaCBA deletion; feoB deletion; fhuB deletion; fitAB 9)

(AS5Fe) deletion; emtB deletion

ARS05575 RS05575 deletion This study

ARS05575¢ RS05575 complemented with reintegration This study

A5FeARS05575 RS05575 deletion; efaCBA deletion; feoB deletion; fhuB This study
deletion; fitAB deletion; emtB deletion

A5FeARS05575¢ RS05575 deletion; efaCBA deletion; feoB deletion; This study

fhuB deletion; fitAB deletion; emtB deletion. RS05575

complemented with reintegration.

Afur fur deletion Lab
collection
CK111 0G1S upp4:P23repA4, Spec”. Conjugation donor strain.  (50)

Growth Curves). Growth of anaerobically grown cells was monitored in a 96-well plate
reader (Byonoy) in an anaerobic chamber (Coy).

Construction of mutant strains

Markerless deletions of RS05575 in E. faecalis OG1RF were carried out using the pCJK47
genetic exchange system (50). Briefly, PCR products with ~1 kb in size flanking each
coding sequence were amplified with the primers listed in Table S3. To avoid unantici-
pated polar effects, amplicons included either the first or last residues of the coding
sequences. Cloning of amplicons into the pCJK47 vector, electroporation, and conjuga-
tion into E. faecalis strains and isolation of single mutant strains (ARS05575) were carried
out as previously described (50). Isolation of A5FeARS05575 was done by conjugation
of the pCJK47 vector with the A5Fe strain used in a previous publication (9). All gene
deletions were confirmed by PCR sequencing of the insertion site and flanking region.

Construction of the complemented strains

The pCJK47 vector was used to insert RS05575 back into its original genetic loci to be
regulated by the native promoter. Briefly, the coding sequence of RS05575 was ampli-
fied from OG1RF using the primers listed in Table S3. We used the In-fusion cloning
system (Takara Bio) to generate the allelic exchange plasmid. The pCJK47 vector was
digested with BamHI and Pstl to yield the pCJK47-RS05575c¢ vector. Upon propagation in
E. coli EC1000, pCJK47-RS05575¢ was electroporated into the conjugation strain E. faecalis
CK111, and the plasmid mobilized into ARS05575 using a standard conjugation protocol
(50).

RNA analysis

RNA was isolated from cells under conditions specified in the text using the PureLink
RNA Mini Kit (Invitrogen). Genomic DNA (gDNA) was degraded using the TURBO DNase
kit (Invitrogen) and cDNA synthesis from 1 pg total RNA using the high-capacity
cDNA reverse transcription kit (Applied Biosystems). RT-qPCR was performed using iTaq
Universal SYBR supermix (BioRad) with primers listed in Table S3. Copy number was
determined using a standard curve generated from OG1RF genomic DNA (gDNA) and
fold change calculated.

Phylogenetic analysis

ChuW and RS05575 amino acid sequences were compared using Clustal-Omega multiple
sequence alignment and Needleman-Wunsch global alignment tools on SnapGene.
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BlastP searches in both NCBI and BV-BRC databases using default parameters were
used to identify homologs of RS05575 in other bacteria. Select homologs were used
to generate a multiple sequence alignment for the phylogenetic tree using EMBL-EBI's
Clustal-Omega. The phylogenetic trees were then modified for readability using the
interactive Tree of Life (iTOL) version 6.

Protein structure predictions

Tertiary structures of E. faecalis RS05575 and E. coli ChuW were obtained using Alpha-
Fold2 Colab notebook and a predictive structure of E. faecalis RS05575 binding heme
was generated using AlphaFold server (31, 51, 52). All image files (PDB) were construc-
ted using ChimeraX1.3 (51-53). Structural alignments were performed on the Research
Collaboratory for Structural Bioinformatics website using AF-AOAOM2ASD4-F1 (RS05575)
and AF_AQFAQA384LP51F1 (ChuW) (31).

55Fe uptake

Overnight cultures of OG1RF were grown in FMC[—Fe]. Cultures were grown to mid-log
phase (ODggq ~0.5), at which point 1 uM *Fe (Perkin-Elmer), with and without competing
cold metals, was added to each culture followed by incubation at 37°C. Immediately after
>Fe addition and 1 and 5 min after, 200 pL aliquots were transferred to a nitrocellulose
membrane pre-soaked in 1 M NiSOy4 solution (to prevent nonspecific binding) and placed
in a slot blot apparatus. Free **Fe was removed by four washes in 100 mM sodium citrate
buffer using vacuum filtration. The membranes were air-dried, cut, and dissolved in
4 mL scintillation counter cocktail. Radioactivity was measured by scintillation with “wide
open” window setting using a Beckmann LSC6000 scintillation counter. The count per
million (cpm) values from **Fe-free cells were obtained and subtracted from the cpm of
treated cells. The efficiency of the machine was ~30.8% and was used to convert cpm to
disintegrations per minute (dpm), which was then converted to molarity and normalized
to CFU.

Intracellular heme quantification

Overnight cultures were grown in FMC[—Fe] under aerobic conditions, and sub-cultures
grown under varying degrees of oxygen to ODggg 0.4 in FMC * iron and/or + heme.
Specifically, cultures were grown with 50% headspace in a shaking incubator, statically
with 50% headspace in an aerobic incubator, statically with no headspace in an aerobic
incubator, or statically with no headspace in an anaerobe chamber using media with
dissolved oxygen (herein designated FMCpg). For heme uptake and degradation kinetic
experiments, cultures were first grown in FMC[—Fe] lacking dissolved oxygen (designated
as FMCgyp[—Fe]) to ODggp 0.4, 10 uM heme was then spiked into the cultures, and
aliquots were taken after 5, 15, and 60 min. Degradation of intracellular heme was
assessed by growing cells in FMCq,p [-Fe] to ODggg 0.4, spiking cultures with 10 pM
heme for 15 min, and then washing cultures in 0.5 mM EDTA in NERL grade metal-free
PBS once, and in NERL grade metal-free PBS twice. The cultures were then resuspended
in FMCqyp[—Fe] and samples taken at 0, 60, and 180 min after the removal of heme.
The cells were washed at least three times in 1x PBS and lysed using bead beating in
1 mL NERL trace metal grade water. Lysates were used to determine heme content using
a heme detection kit (Sigma-Aldrich) and normalized to protein content using the BCA
assay (Sigma-Aldrich).

Intraperitoneal challenge mouse model

The model has been described previously (43), so only a brief overview is provided
below. To prepare the bacterial inoculum, bacteria were grown in BHI to an ODgqg of
0.5, the cell pellets collected, washed once in 0.5 mM EDTA and two times in trace
metal grade PBS, and suspended in PBS at ~2 x 10° CFU mL™". Seven-week-old C57BL/6J
mice purchased from Jackson Laboratories were intraperitoneally injected with 1 mL
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of bacterial suspension and euthanized by CO, asphyxiation 48 h post-infection. The
abdomen was opened to expose the peritoneal lining, 5 mL of cold PBS injected into
the peritoneal cavity with 4 mL retrieved as the peritoneal wash content. Quantification
of bacteria within the peritoneal cavity was determined by plating serial dilutions on
tryptic-soy agar (TSA) containing 200 ug mL™" rifampicin and 10 ug mL™" fusidic acid. For
bacterial enumeration inside spleens, livers, kidneys, and hearts, organs were surgically
removed, rinsed in 70% ethanol to remove bacteria attached to the exterior of the organ,
rinsed in sterile PBS, homogenized in 1 mL PBS, serially diluted, and plated on selective
TSA plates.

IE rabbit model

Pathogen-free New Zealand White rabbits (2-4 kg; Charles River) were utilized in an
endocarditis model as described previously (29). Prior to surgery, rabbits were anesthe-
tized with ketamine, xylazine, glycopyrrolate, buprenorphine, isoflurane, and sevoflur-
ane, with bupivacaine applied locally. A PE-90 catheter (Becton-Dickinson) was inserted
into the aortic valve via the right carotid artery; placement was confirmed by ultrasound.
Each catheter was tied off and sutured in place, and the incision was closed with staples.
Rabbits were monitored for the next 48 h to ensure stability prior to infection. Bacterial
inoculum was prepared by growing cells in BHI. Each strain was washed as described
above and normalized to ODggg ~0.8 in Chelex-treated (BioRad) PBS. An inoculum was
prepared by combining equal volumes of each strain, achieving a total inoculum of
6 x 10" CFUs mL™"; 0.5 mL was then delivered via ear vein injection. From the inocu-
lum, 1 mL was plated and used to verify the equal distribution of each strain by PCR
using primers listed in Table S3. Twenty-four hours post-infection, rabbits were sedated
by intramuscular injection with acepromazine (Covetrus) and then euthanized via ear
vein injection of Euthasol (Med-Pharmex). Harvested vegetations were placed into PBS,
homogenized, and plated on BHI agar. At least 250 colonies per rabbit were analyzed by
PCR to determine the percent recovery of each strain that was determined by dividing
the number of each specific strain recovered by the total number of colonies assayed and
then multiplying by 100.

Intestinal colonization mouse model

Seven-week-old C57BL/6 male mice were purchased from Jackson Laboratories and
given 1 week to equilibrate their microbiota prior to experimentation. Mice were given
antibiotics (0.5 mg/mL cefoperazone + 1 mg/mL vancomycin) in drinking water ad
libitum for 5 days, followed by a 2-day recovery period and subsequent infection.
Mice were confirmed culture-negative for endogenous enterococci after vancomycin
treatment via selective plating, as described below. Mice were infected via oral gavage
with 5 x 10® CFUs of E. faecalis dissolved in PBS. Enterococcal CFUs were quantified daily
from fecal samples. Samples were diluted and homogenized in PBS and serially plated
onto bile esculin agar for total enterococci. To distinguish E. faecalis lab strains from
endogenous enterococci, samples were also grown on bile esculin agar with rifampicin
(200 pg/mL).

Statistical analyses

All data sets were analyzed using GraphPad Prism 10 software. Statistical significance
in the transcriptional expression studies was analyzed by comparing the fold change
in copy number before and after heme supplementation using the Student’s t-test.
Statistical differences in *Fe uptake were determined by two-way ANOVA and Dun-
nett’s multiple comparison test. Intracellular heme content of OG1RF grown in the
presence or absence of oxygen, with or without an excess iron source was analyzed
using the Student’s t-test. The intracellular heme content of strains grown in decreasing
oxygen levels was analyzed with atwo-way ANOVA and Sidék’s multiple comparison test.
Statistical significance in the mouse peritonitis and in the gut colonization model was
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determined using the Mann-Whitney test. Statistical differences in recovery of strains
from the competitive rabbit [E model were determined by a repeated measures one-way
ANOVA with a pairwise Holm Sidak’s multiple comparison test.
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