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Abstract

Heme is a cofactor that is essential for cellular respiration and for the function of many enzymes. 

If heme levels become too low within the cell, S. aureus switches from producing energy via 

respiration to producing energy by fermentation. S. aureus encodes two heme oxygenases, IsdI and 

IsdG, which cleave the porphyrin heme ring releasing iron for use as a nutrient source. Both isdI 
and isdG are only expressed under low iron conditions and are regulated by the canonical Ferric 

Uptake Regulator (Fur). Here we demonstrate that unregulated expression of isdI and isdG within 

S. aureus, leads to reduced growth under low iron conditions. Additionally, the constitutive 

expression of these enzymes leads to decreased heme abundance in S. aureus, an increase in the 

fermentation product lactate, and increased resistance to gentamicin. This work demonstrates that 

S. aureus has developed tuning mechanisms, such as Fur regulation, to ensure that the cell has 

sufficient quantities of heme for efficient ATP production through aerobic respiration.
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Introduction

Heme is an important small molecule and an essential cofactor for a variety of enzymes (1–

4). During cellular respiration, heme populates cytochromes and serves as an electron 

acceptor in the electron transport chain (2, 5). Heme-dependent respiration is critical for 
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many organisms (6). If heme is unable to populate the cytochromes, either due to genetic 

inactivation of the cytochromes or a lack of cellular heme, cells are unable to respire and 

must switch to a fermentative state (7). Fermentation through glycolysis results in the 

production of 2 ATP molecules, compared to respiration that can generate up to 38 

molecules of ATP per molecule of glucose.

Staphylococcus aureus is a Gram-positive coccoid bacterium and is the leading cause of skin 

and soft tissue infections (8). In order to meet the cellular requirements for heme, S. aureus 
both biosynthesizes heme and imports heme from the extracellular milieu (9, 10). Heme 

import is mediated through the high-affinity iron-regulated surface determinant (Isd) heme 

acquisition system (9, 11). The genes in the isd operons are regulated by the Ferric Uptake 

Regulator (Fur) (9, 12). Fur dimerizes when iron is present to bind Fur boxes in the promoter 

regions of target genes and repress transcription. This repression is alleviated under iron 

deplete conditions, when there is insufficient intracellular iron to allow Fur dimerization 

(13). Regulation by Fur is widely conserved throughout bacterial species, and Fur regulates a 

variety of transcripts associated with pathogenesis (14–18).

In addition to being an important enzymatic cofactor, heme can also be used as a source of 

iron. Vertebrate-associated microorganisms, especially pathogenic bacteria, exploit host 

heme as a nutrient source. Aerobically, heme degradation is performed by heme oxygenases, 

while anaerobic bacteria use enzymes that rely on radical catabolism (19). Once heme is 

imported into the cell through the Isd proteins, heme is used to populate heme-binding 

proteins or heme is degraded by heme degrading enzymes. S. aureus encodes two such heme 

degrading enzymes, the heme oxygenases IsdI and IsdG. IsdG and IsdI facilitate the 

degradation of heme to produce the secondary catabolites staphylobilin and formaldehyde 

(20, 21). This degraded heme also results in the release of iron, which the bacteria can use to 

meet their iron requirements (22).

Here we describe work initiated to understand the role of the heme degradation products in 

the context of S. aureus. Through an RNA-Sequencing experiment comparing a S. aureus 
strain containing constitutive heme oxygenase activity to one lacking heme degradation, we 

found a significant increase in a number of transcripts from genes associated with oxygen-

independent energy production. This led to the hypothesis that dysregulation of isdI causes 

aberrant degradation of the intracellular heme pool. Further analysis comparing 

constitutively and endogenously expressed isdI and isdG showed a significant decrease in 

intracellular heme levels and heightened fermentation. This work demonstrates the 

importance of Fur regulation for optimal bacterial growth in low iron conditions.

Results

Expression of heme oxygenases in S. aureus is essential for growth with heme as the sole 
source of iron

The function of the heme degradation products in S. aureus are unclear. To try to elucidate 

the roles of these catabolites in the cell, we created two strains of S. aureus; one lacking 

heme oxygenase activity (ΔisdGI plgt) and one containing the endogenous heme oxygenase 

isdI added back in trans under the constitutive expression of the promoter for lipoprotein 
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diacylglycerol transferase (lgt) (23) (ΔisdGI plgt.isdI). Removing both isdI and isdG from S. 
aureus results in a decrease in growth compared to the wildtype strain when grown in the 

presence of heme as the sole source of iron. Providing isdI in trans complemented the 

growth defect of ΔisdGI plgt (Fig 1). These data indicate that the expression of IsdI is 

necessary for growth when heme is the sole source of iron, and provide an experimental 

condition where heme is actively degraded in the presence of the heme oxygenases but it is 

not degraded in their absence.

Constitutive expression of isdI leads to an increase in expression of transcripts 
associated with oxygen-independent energy production

In order to elucidate the role of heme catabolites in S. aureus, ΔisdGI plgt and ΔisdGI 
plgt.isdI were grown with heme as the sole iron source. Samples were collected for RNA 

isolation at mid-log phase growth and RNA from these samples was submitted for RNA-

Sequencing analysis. In total, the abundance of 74 transcripts were significantly different 

between ΔisdGI plgt.isdI and ΔisdGI plgt (q≤0.05) (Fig 2A). Of these, 23 were increased in 

abundance and 51 were decreased in abundance when ΔisdGI plgt.isdI transcripts were 

compared to ΔisdGI plgt (Fig 2B). As expected, there were significant changes in abundance 

of transcripts for genes associated with iron acquisition (sbnA-C (NWMN_0060-_0062), 
sbnE-I (NWMN_0064-_0068)) and genes known to be regulated by heme, such as the heme 

regulated transporter (hrtAB (NWMN_2261, _2262)) genes, which are regulated by the 

heme sensing two component system (HssRS) (14, 24) (Fig 2C, D). However, there was also 

a significant increase in the expression of genes associated with oxygen-independent energy 

production (Fig 2C, D, Table 1). This result was surprising because heme oxygenases 

require oxygen to function (25) and the cultures were grown aerobically.

To confirm the results of the RNA-Seq, quantitative Real Time Polymerase Chain Reaction 

(qRT-PCR) was performed on transcripts from a subset of the genes linked with oxygen-

independent energy production. The nitrite reductase operon contains three genes (nirD 
(NWMN_2299), nirB (NWMN_2300), and nirR (NWMN_2301) known to be upregulated 

under anaerobic conditions in various bacteria, including the closely related Staphylococcus 
carnosus (26–28). NirBD form the nitrite reductase, which acts to reduce nitrate to nitrite. 

Nitrite can be used as an alternative electron acceptor during growth under anaerobic 

conditions. While nitrite is likely not being used as the terminal electron acceptor since the 

cultures are grown aerobically, the reduction of nitrate to nitrite performed by NirBD 

consumes NADH, and therefor may be involved in recycling reduction equivalents. Analysis 

by qRT-PCR confirmed that these transcripts had a 17–20 fold increase in transcript 

abundance in the ΔisdGI plgt.isdI strain compared to ΔisdGI plgt strain.

Due to this increased expression of genes associated with oxygen-independent energy 

production, we hypothesized that the over expression of isdI under the control of the lgt 
promoter may lead to unregulated production of the heme oxygenase, unregulated heme 

degradation, and disruption of heme homeostasis.
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Constitutive expression of S. aureus heme oxygenases leads to heme-dependent growth 
inhibition

Since the heme oxygenases of S. aureus are regulated by Fur, additional strains were created 

expressing both of the heme oxygenases, isdI and isdG, on the pOS1 plasmid controlled by 

either the lgt promoter (plgt) or their endogenous isdI/isdG promoters (pisd). The strains 

were grown in heme as the sole source of iron. Under these conditions, the strains 

expressing the heme oxygenases from their native promoters (pisd.isdI and pisd.isdG) grew 

to slightly higher optical densities than the strains containing the constitutively expressed 

heme oxygenases (plgt.isdI and plgt.isdG) (Fig 3B). Additionally, when the strains were 

grown under iron limiting media lacking heme, the strain expressing the constitutively 

expressed isdI grew significantly worse than all of the other strains (Fig 3A). Unlike the 

strain constitutively expressing isdI, the strain constitutively expressing isdG did not exhibit 

reduced growth under these conditions. This is consistent with the fact that IsdG requires 

heme for protein stability, and in the absence of heme, IsdG is rapidly degraded post-

translationally (29). These data indicate that while heme oxygenases are active under iron 

limited conditions, constitutive isdI expression results in reduced growth.

Heme levels are decreased in strains with constitutively expressed heme oxygenases

We hypothesized that the decreased growth in the constitutively expressed heme oxygenase-

containing strains is due to unregulated heme degradation. This hypothesis predicts that 

these strains contain lower levels of cellular heme. However, the levels of heme in these 

strains under the low iron conditions were below the limit of detection of our assays. 

Therefore, the strains were grown under iron replete conditions. Since the heme oxygenases 

are expressed from pOS1, a high copy number plasmid, we performed immunoblot analysis 

to ensure that the enzymes expressed from their endogenous promoters were suppressed by 

Fur under these iron replete conditions. There is a significant increase in IsdI (2.4 fold) and 

IsdG (2.5 fold) abundance in ΔisdGI plgt.isdI and ΔisdGI plgt.isdG compared to ΔisdGI 
pisd.isdI and ΔisdGI pisd.isdG, respectively, suggesting that Fur is actively repressing in 

these conditions (Fig S1). However, since we did detect protein expression of the heme 

oxygenases expressed from their endogenous promoters, the amount of Fur in the cell may 

be insufficient to fully repress transcription.

Using the iron replete conditions established above, we performed heme quantification on 

each of the strains harvested at mid-log phase growth. Both ΔisdGI plgt.isdI and ΔisdGI 
plgt.isdG contained significantly less heme than ΔisdGI plgt (~32.1–51.2%), as well as 

ΔisdGI pisd.isdI and ΔisdGI pisd.isdG, respectively (Fig 4A). We hypothesize that we see 

these differences between the strains containing the two unregulated heme oxygenases 

because of the post-translational regulation of heme on IsdG. Interestingly, while both of the 

constitutively expressed heme oxygenases have lower levels of cellular heme than the strain 

lacking heme oxygenase activity, the strain containing isdG contains more heme than the 

isdI containing strains. Once IsdG degrades a certain amount of cytoplasmic heme, there is 

likely not a sufficient amount of heme in the cytoplasm to stabilize the protein leading to its 

degradation. These fluctuations in IsdG proteins levels in the cell allow for a higher level of 

total heme in the cell compared to the heme levels in a cell constitutively expressing the 

stable IsdI protein.
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Additionally, the heme levels in a fur mutant are also significantly less (60.9%) than that of 

the ΔisdGI plgt, and not significantly different from levels present in ΔisdGI plgt.isdI (Fig 

4B). These data indicate that dysregulation of heme oxygenase results in significantly less 

heme in S. aureus, potentially leading to alterations in cell physiology.

Strains with constitutively expressed heme oxygenases undergo fermentation

Since cells lacking heme are unable to respire, and there were lower levels of heme in 

ΔisdGI plgt.isdI and ΔisdGI plgt.isdG, we hypothesized that these strains may be forced to 

rely on fermentation for energy production. To determine if the strains containing the 

constitutively expressed heme oxygenases generate energy through fermentation, the 

fermentation product lactate was measured from the supernatant of cells grown under iron 

replete conditions. ΔisdGI plgt.isdI and ΔisdGI plgt.isdG produce higher levels of lactate 

(23.7–26.5% increase) than ΔisdGI plgt, whereas ΔisdGI pisd.isdI and ΔisdGI pisd.isdG do 

not have significant increases in lactate production (Fig 5A).

In addition to lactate production, fermenting cells exhibit decreased proton motive force 

generation (30). Gentamicin requires functional respiration within S. aureus to be 

bactericidal (30). When exposed to gentamicin, ΔisdGI plgt.isdI had a 2 fold increased 

minimum inhibitory concentration (MIC) than ΔisdGI plgt and ΔisdGI pisd.isdI (Fig 5B), 

suggesting constitutive expression of isdI reduces the proton motive force within the cell. 

However, while we see a slight increase in the gentamicin MIC for the isdGI plgt.isdG 
strain, this increase in not statistically significant. This may be due to the instability of IsdG 

once heme levels drop in the cell from IsdG degradation.

If the strains which are constitutively expressing heme oxygenases are less able to respire to 

produce energy, they would have reduced growth using a carbon source that is unable to be 

fermented. When grown in the non-fermentable carbon source glycerol, there is a significant 

decrease in growth of ΔisdGI plgt.isdI and ΔisdGI plgt.isdG strains after 6 hours (Fig 5C, 

Fig S2). However, when these same strains were grown with glucose as the primary carbon 

source, there is no decrease in growth (Fig 5C, Fig S2). This indicates that the constitutively 

expressed heme oxygenase strains grow less well in glycerol because they are not able to 

ferment. Taken together, these data are consistent with a model where unregulated heme 

oxygenase activity decreases respiration and increases reliance on fermentation for energy 

production in S. aureus.

Discussion

Heme is a cofactor for a variety of cellular processes, including cytochromes where it 

facilitates respiration by acting as an electron acceptor (2, 5, 31). If S. aureus is unable to 

make or acquire heme, then the cell must depend on fermentation for energy production, 

which generates less ATP than respiration (32). The production of less energy leads to 

significantly less growth and to changes in cellular physiology.

In addition to the importance of heme as an enzymatic cofactor, heme also acts as an 

important iron source. In order to access the iron within heme, S. aureus encodes heme 

degrading enzymes known as heme oxygenases (33, 34). The two heme oxygenases encoded 
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by S. aureus, IsdG and IsdI, are essential for growth under iron deplete conditions where 

heme is the sole source of iron (Fig 1). We initially sought to investigate the role of heme 

degradation products in S. aureus. However, upon performing RNA-Sequencing analysis, we 

identified that expressing isdI under the constitutively expressed lgt promoter led to an 

increase in expression of genes linked to oxygen-independent energy production (Fig 2). 

Since the cultures for these experiments had been grown aerobically, we hypothesized that 

the overproduction of isdI led to excess heme degradation, resulting in an insufficient 

amount of heme present to populate the cytochromes required for efficient aerobic 

respiration. To test this hypothesis, we developed strains of S. aureus expressing each heme 

oxygenase either under the endogenous promoters (ΔisdGI pisd.) or the constitutively 

expressed lgt promoter (ΔisdGI plgt.). When these strains were grown under iron limitation 

with heme as the sole source of iron, the endogenously expressed heme oxygenases grew 

better than the constitutively expressed heme oxygenases (Fig 3B). We next investigated the 

effect of heme oxygenase transcriptional regulation on cellular heme abundance and found 

that the strains constitutively expressing isdI and isdG contained less heme (Fig 4). 

Additionally, when the fur gene is removed from S. aureus, there is also a significant 

decrease in cellular heme levels compared to the strain lacking heme oxygenase activity. As 

a result of this decrease in cellular heme, the strains constitutively expressing the heme 

oxygenases produce higher levels of the fermentation end-product lactate. Additionally, the 

constitutively isdI expressing strain is also more resistant to gentamicin, which requires 

active electron transport for entry into the cell. Finally, the constitutively expressing heme 

oxygenase strains had a slight growth defect compared to a strain lacking heme oxygenase 

activity when grown on the non-fermentable carbon source glycerol.

S. aureus strains that are unable to respire, due to lack of either heme or menadione, exhibit 

a small colony variant (SCV) phenotype (35, 36). These SCVs have increased resistance to 

aminoglycoside antibiotics that contributes to their ability to cause persistent infections (37, 

38). While constitutively expressing heme oxygenases in strains of S. aureus do not have the 

same colony morphology as SCVs, the dysregulation of the heme oxygenases leads to a 

significant decrease in cellular heme. The reduced heme levels exhibited by the S. aureus 
strains constitutively expressing heme oxygenases lower overall fitness. Therefore, 

connecting heme oxygenase expression to iron availability through Fur may ensure optimal 

heme levels for bacterial fitness. This is especially important since removing fur leads to a 

significant decrease in heme levels compared to a strain lacking heme oxygenase activity. 

Additionally, all functionally identified IsdG family heme oxygenases are regulated by Fur, 

as are the heme acquisition systems encoded within these organisms. We predict that heme 

oxygenases are co-expressed with heme acquisition systems to prevent the heme oxygenases 

from degrading the endogenously biosynthesized heme. We anticipate that this work will be 

broadly applicable within bacteria that contain Fur-regulated heme oxygenases, since 

removing fur leads to a decrease in cellular heme. This could have extensive physiological 

implications on not only respiration, but also on a variety of other heme-associated 

processes, such as catalase functionality and bacterial nitric oxide synthase.

This work indicates that Fur regulation of the heme oxygenases is necessary to ensure that 

there is enough cellular heme to allow for respiration and optimal fitness under both iron 

limiting and iron replete conditions. Because a large number of organisms encode heme 
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oxygenases, this may be a widely conserved paradigm that organisms must balance iron 

acquisition and heme homeostasis, or control oxygenase expression in the context of iron 

limitation or heme uptake.

Materials and methods

Bacterial Strains and Growth Conditions

The Staphylococcus aureus strain Newman was used for all experiments (39). The ΔisdGI 
strain was made previously, as well as the ΔisdGI strain containing plgt.isdI and plgt.isdG 
(29). The endogenous promoter for isdG was defined as the intergenic region between the 

isdA and isdCDEFsrtBisdG operons. The endogenous promoter for isdI was defined as the 

intergenic region between orfX (NWMN_0112) and aldA (NWMN_0113). However, the Fur 

box for isdI jis contained within the 3′ region of the orfX operon, and this region was also 

included in the constructed promoter for isdI. Each of these promoter regions were amplified 

from Newman and were combined with either the gene encoding isdG or isdI with the Fur 

box and 3′ region of orfX. These amplicons as well as pOS1 plasmid were combined using 

Gibson cloning. Bacteria were grown overnight at 37°C with shaking at 180 r.p.m. in tryptic 

soy broth (TSB; BD) and 10 μg/mL chloramphenicol unless otherwise stated.

RNA-Sequencing

The ΔisdGI plgt and ΔisdGI plgt.isdI were grown in biological triplicate in chelex (Sigma) 

treated Roswell Park Memorial Institute (RPMI) medium (Corning) with 0.75 mM 

Ethylenediamine-N,N-bis(2-hydroxyphenylacetic acid) (EDDHA: LGC Standards), 10 

μg/mL chloramphenicol, and 1 μM porcine hemin (Sigma). EDDHA was resuspended in 

100% ethanol to a stock concentration of 100 mM. The cultures were grown at 37°C shaking 

at 180 r.p.m. to an OD600 of 0.4. At the correct density, a 1:1 solution of Acetone:Ethanol 

was added at an equal volume to each sample. These samples were stored at −80°C until the 

RNA was extracted. Cells were resuspended in 750 mL of LETs buffer (1 M LiCl, 0.5 M 

EDTA, 1 M Tris pH 7.4) and added to tubes holding lysing matrix B (MP Biomedicals). A 

FastPrep-24 (MP Biomedicals) bead beater was used to lyse cells by bead beating for 45 

seconds at 6 m/s. Samples were then heated at 55°C for 5 min then centrifuged for 10 min. 

The upper phase was transferred to a fresh tube and 1 mL TRIzol (Thermo Scientific) was 

added. A 200 uL aliquot of chloroform was added to each tube and vortexed. The mixed 

samples were then centrifuged for 15 minutes to separate the aqueous and organic layers. 

The aqueous (upper) layer was then aliquoted into a fresh tube. The RNA was precipitated 

by the addition of 1 mL of isopropyl alcohol and incubated for 10 min at room temperature. 

Samples were then centrifuged for 10 min and the supernatant was removed. The RNA was 

washed with 200 μL of 70% ethanol. The RNA pellet was dried for 1 minute, then 

resuspended in 100 μL of water. DNA contamination was eliminated through the addition of 

8 μL RQ1 DNase, 12 μL of 10x RQ1 buffer, and 2 μL RNase inhibitor (Promega) to the 

purified RNA. After DNase treatment for 2 hours, the samples were further purified using 

the RNeasy miniprep RNA cleanup kit (Qiagen). The RNA concentration was determined by 

using the Synergy 2 with Gen 5 2.1 software (BioTek).
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Library creation and RNA-Sequencing was performed by Vanderbilt Technologies for 

Advanced Genomics Core Facility (VANTAGE) similarly to previous descriptions (40). 

Briefly, 1.5 μg of RNA from each sample was submitted and an Agilent Bioanalyzer Nano 

RNA chip was used to determine the quality of the RNA. A Ribo-Zero kit was then used to 

remove ribosomal RNA by following the manufacturer’s protocol. After cDNA creation, 

samples were pooled for multiplexing on a flow cell then loaded on a Illumina HiSeq 2500 

for a 50-bp paired-end run. Raw reads were processed for FASTQ conversion, and only 

reads passing the pass filter were used for further analysis.

RNA-Sequencing Analysis

Rockhopper was used to analyze RNA-seq data, including reads alignment, quantification of 

transcript abundance, identification of differential expression and characterization of operon 

structures (41). The genome alignment figure (Fig 2A) was created in Circos. The RPKM 

values were set to a max of 2000 being shown. The heat map shows the log2-fold changes 

ranging from −5 to 5. The pathway analysis was performed using Kyoto Encyclopedia of 

Genes and Genomes (KEGG) Mapper to search the KEGG pathway databases of annotated 

S. aureus genes. Additional annotations were made through literature searches.

qRT-PCR

Samples were grown and RNA was extracted as described for the RNA-Seq experiment. 

cDNA was synthesized and qRT-PCR was performed as previously described (40). The 

assay was repeated to test three biological replicates in triplicate.

Growth curves

S. aureus Newman strains were grown in RPMI with 1% Casamino acids, 0.5 mM EDDHA, 

and 10 μg/mL chloramphenicol. Overnight cultures were grown in biological triplicate 

diluted 1:50 in chelex treated RPMI with 100 μM CaCl2, 25 μM ZnCl2, 1 mM MgCl2, 25 

μM MnCl2, 1% Casamino acids, 0.75 mM EDDHA, and 10 μg/mL chloramphenicol, either 

with or without 1 μM hemin. Growth curves were setup to a total volume of 200 μL 96 well 

flat bottom plates. The OD600 was monitored every 1 to 2 hours for up to 16 hours. For the 

glycerol growth curve, Newman strains were grown in biological triplicate overnight as 

above. Cultures were diluted 1:50 in RPMI without glucose with 22 mM glycerol and 10 

μg/mL chloramphenicol. The assay was repeated to test three biological replicates in 

triplicate. For the glucose growth curve, Newman strains were grown in biological triplicate 

overnight as above. Cultures were diluted 1:50 in RPMI without glucose with 11 mM 

glucose and 10 μg/mL chloramphenicol. The assay was repeated to test three biological 

replicates in triplicate. Each of the growth curves are representative of three experiments.

Heme quantification

S. aureus Newman strains were grown overnight in TSB. Cultures were diluted 1:200 in 

TSB and grown aerobically at 37°C while shaking at 180 r.p.m. to an OD600 of 0.4 – 0.45. 

Heme was quantified as previously described (42). Briefly, the pellets were resuspended in 

20 mM potassium phosphate containing 20 μL of lysostaphin. Samples were incubated at 

37°C for 30 minutes, then lysed by sonication. Unbroken protoplasts were removed by 
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centrifugation, the protein concentration of each sample was determined using a Pierce BCA 

Protein Assay Kit. A 450 μL aliquot of each sample was transferred to a cuvette, then heme 

was extracted by adding 0.2 M NaOH and 40% pyridine with 200 μM potassium 

ferricyanide in 450 μL. The absorbance was measured from 540–590 nm. Then 10 μL of 0.5 

M DTT was added, then the absorbance was again measured from 540–590 nm. The heme 

quantity was then calculated using the coefficient of 324 mM−1 cm−1.

Lactate assay

S. aureus strains were grown to mid-log phase (OD600=0.400) in 20 mL TSB with 10 μg/mL 

chloramphenicol. Samples were centrifuged and the supernatant was collected. L-Lactate 

levels were determined using the r-Biopharm D-Lactic acid/L-Lactic acid kit. 13.4 μL of 

supernatant was added to 134 μL of glycylglycine buffer, 26.8 μL nicotinamide-adenine 

dinucleotide (NAD), and 2.68 μL of glutamate-pyruvate transaminase suspension to a final 

volume of 298 μL in a 96 well plate. These samples were incubated for 5 min then the 

absorbance at 340 nm was read (A1). Then 2.68 μL of L-lactacte dehydrogenase solution 

was added. The samples were then mixed and incubated for 30 min then the absorbance at 

340 nm was read a second time (A2). The concentration of L-lactic acid was determined by 

subtracting A1 from A2 for each samples then multiplying the AΔ by the final volume times 

the molecular weight of L-lactic acid, then dividing by the extinction coefficient of NADH at 

340 nm.

Gentamicin sensitivity assay

S. aureus strains were grown overnight in 5 mL TSB with 10 μg/mL chloramphenicol. 200 

μL of overnight culture were plated onto Tryptic Soy Agar (TSA) plates containing 10 

μg/mL chloramphenicol. One gentamicin Etest strip (Biomerieux) was applied to each plate. 

The plates were incubated for ~16 hours at 37°C, then the minimum inhibitory concentration 

was determined by the concentration at which there was no zone of clearing. Immunoblot-

Cultures of S. aureus were grown in TSB to a final OD600 of 0.4 and pelleted by 

centrifugation. Pellets were resuspended in 100 mM Tris pH 7.0, 500 mM sucrose, 10 mM 

MgCl2 with 20 μL of lysostaphin and were incubated at 37°C for 1 hour. The samples were 

then pelleted to remove the cell wall, and resuspended in 500 μL phosphate buffered saline 

with proteinase inhibitor. Samples were sonicated for 10 seconds. The cell wall was removed 

by ultracentrifugation at 180,000 r.p.m. for 1 hour. A Pierce Bicinchoninic acid Protein 

Assay Kit was used to determine the protein concentration in the cytoplasmic fraction. 40 μg 

of total protein were analyzed by 12% SDS-PAGE. Samples were run in biological triplicate. 

Anti-IsdG and –IsdI sera was used as previously described (29). The raw intensities of the 

protein bands were quantified using ImageJ and expressed in arbitrary units.
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Fig. 1. Expression of isdI is required for growth of S. aureus with heme as the sole source of iron
Growth of S. aureus strains in Chelex treated RPMI with 0.75 mM EDDHA and 1 μM heme. 

2-way ANOVA analysis was applied to the 10 hour time point (p<0.05), error bars represent 

standard error of the mean (S.E.M.).
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Fig. 2. Constitutive expression of isdI leads to an increase in transcripts associated with non-
aerobic growth
RNA-Sequencing analysis comparing RNA from ΔisdGI plgt.isdI to ΔisdGI plgt. A, RPKM 

mapping of RNA-Seq data for ΔisdGI plgt (black bars, fourth strip) and ΔisdGI plgt.isdI 
(grey bars, sixth/inner strip) mapped relative to the chromosomal location (outer strip) for 

each of the positive strand (second strip) and negative strand (third strip) genes. A heat map 

(fifth strip) is included showing the log2-fold changes for transcripts with significant q-

values. B, Pie chart showing the number of total differentially abundant transcripts, as well 

as the number with increased (blue) and decreased (red) abundance. C, Pathway analysis 

was performed for the differentially abundant transcripts with KEGG Pathway. The number 

of transcript identifications which fall into each pathway bin is shown, as well as whether 

the transcript has increased (blue) or decreased (red) abundance. D, Fold change values for a 

subset of transcripts identified in the RNA-Seq analysis from the iron acquisition, heme 

regulated, and oxygen-independent energy production pathways. E, qRT-PCR analysis of the 

nitrite reductase operon transcripts confirming their increased abundance in ΔisdGI plgt.isdI 
compared to ΔisdGI plgt (Student’s T-test, p<0.05, error bars represent S.E.M.).
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Fig. 3. Misregulation of isdI expression leads to heme-dependent growth inhibition
Growth of S. aureus strains in Chelex treated RPMI with 0.75 mM EDDHA either in the 

absence (A) or presence (B) of 1 μM heme. A, Under iron deplete conditions lacking heme, 

ΔisdGI plgt.isdI (dark grey) exhibits reduced growth compared to any of the other strains. B, 

When grown in the iron limited conditions in the presence of heme, the endogenously 

expressed strains (ΔisdGI pisd.isdI and ΔisdGI pisd.isdG) exhibit enhanced growth as 

compared to constitutively expressed strains (ΔisdGI plgt.isdI and ΔisdGI plgt.isdG). 2-way 

ANOVA analysis was applied to the 10 hour time point for each growth curve (p<0.05), 

error bars represent S.E.M..
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Fig. 4. Heme levels are decreased in strains with constitutive heme oxygenase expression
Quantification of cellular heme levels of the heme oxygenase strains compared to the strain 

lacking heme oxygenase activity (ΔisdGI plgt). The ΔisdGI plgt.isdI (dark grey, solid) 

strains contain significantly less heme than ΔisdGI plgt (black) and ΔisdGI pisd.isdI (dark 

grey, dashed) strains. Additionally, the ΔisdGI plgt.isdG (light grey, solid) strain contains 

significantly less heme than ΔisdGI plgt (1-way ANOVA, p<0.05), error bars represent 

S.E.M..
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Fig. 5. Strains with constitutively expressed heme oxygenase activity undergo fermentation
A, Supernatant lactate levels were quantified and graphed as percent lactate compared to 

ΔisdGI plgt. Both ΔisdGI plgt.isdI (dark grey, solid) and ΔisdGI plgt.isdG (light grey, solid) 

supernatants contain significantly more lactate than the ΔisdGI plgt (black) supernatant (2-

way ANOVA, p<0.05), error bars represent S.E.M.. B, Strains were plated onto TSA 

containing 10 g/mL chloramphenicol, then a gentamicin E-test strip was added. The 

minimum inhibitory concentration (MIC) was then determined the next day. The gentamicin 

MIC was significantly greater for ΔisdGI plgt.isdI (dark grey, solid) than either ΔisdGI plgt 
(black) or ΔisdGI pisd.isdI (dark grey, dashed) (Student’s t-test, p<0.05, error bars represent 

S.E.M.). C, S. aureus strains were grown in RPMI without glucose containing 22 mM 

glycerol as the carbon source. Both the ΔisdGI plgt.isdI (dark grey, solid) and ΔisdGI 
plgt.isdG (light grey, solid) had significantly less growth at 6 hours than ΔisdGI plgt (black) 

or ΔisdGI pisd.isdI (dark grey, dashed) and ΔisdGI pisd.isdG (light grey, dashed), 

respectively (1-way ANOVA, p<0.05, error bars represent S.E.M.).
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