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Abstract

In eukaryotes and many aerobic prokaryotes, the final step of aerobic respiration is catalyzed 

by an aa3-type cytochrome c oxidase, which requires a modified heme cofactor, heme a. The 

conversion of heme b, the prototypical cellular heme, to heme o and ultimately to heme a requires 

two modifications, the latter of which is conversion of a methyl group to an aldehyde, catalyzed 

by heme a synthase (HAS). The N- and C-terminal halves of HAS share homology, and each half 

contains a heme-binding site. Previous reports indicate that the C-terminal site is occupied by a 

heme b cofactor. The N-terminal site may function as the substrate (heme o) binding site, although 

this has not been confirmed experimentally. Here, we assess the role of conserved residues from 

the N- and C-terminal heme-binding sites in HAS from prokaryotic (Shewanella oneidensis) and 

eukaryotic (Saccharomyces cerevisiae) species – SoHAS/CtaA and ScHAS/Cox15, respectively. 

A glutamate within the N-terminal site is found to be critical for activity in both types of HAS, 

consistent with the hypothesis that a carbocation forms transiently during catalysis. In contrast, 

the residue occupying the analogous C-terminal position is dispensable for enzyme activity. In 

SoHAS, the C-terminal heme ligands are critical for stability, while in ScHAS, substitutions in 

either heme-binding site have little effect on global structure. In both species, in vivo accumulation 

of heme o requires the presence of an inactive HAS variant, highlighting a potential regulatory role 

for HAS in heme o biosynthesis.

Graphical Abstract
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Introduction

Aerobic respiration is a key metabolic process in eukaryotes and many prokaryotes and is 

used to generate the chemiosmotic gradient that ultimately powers ATP synthesis. During 

aerobic respiration, electrons are transferred through the electron transport chain to oxygen, 
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the terminal electron acceptor, reducing molecular oxygen to water [1]. This reduction 

is most commonly performed by a dedicated oxidase from the heme-copper oxidase 

superfamily [2–4].

As their name suggests, all heme-copper oxidases possess metal centers harboring heme 

and/or copper ions, including a heterobimetallic heme a3-CuB active site [1, 2]. All 

eukaryotic (mitochondrial) heme-copper oxidases and the majority of known prokaryotic 

heme-copper oxidases are aa3-type cytochrome c oxidases (CcO), meaning that the heme 

cofactor is a uniquely modified heme, commonly known as heme a [2–8]. Failure to 

synthesize heme a typically halts assembly of CcO, a multi-subunit protein complex, and 

abolishes aerobic respiration in eukaryotes and many prokaryotes [9–19]. Despite the critical 

role of heme a in aerobic respiration, many aspects of the catalytic mechanism of the final 

enzyme in its biosynthetic pathway – heme a synthase (HAS) – have not yet been elucidated.

Heme a is synthesized from heme b by two sequential enzymatic reactions. In the first 

reaction, the vinyl group from pyrrole ring A is converted to a hydroxyethylfarnesyl group 

by heme o synthase (HOS), producing heme o, a stable intermediate [20]. In the second 

reaction, HAS oxidizes the C8 methyl group of pyrrole ring D, converting heme o to heme 

a (Figure 1) [19, 21–28]. HOS and HAS are both multi-span integral membrane proteins 

located either in the eukaryotic inner mitochondrial membrane or in the prokaryotic cell 

membrane. HOS is a member of the intramembrane aromatic prenyltransferase superfamily, 

which is distantly related to soluble isoprenyl pyrophosphate synthases [19, 24, 25, 29–34]. 

HOS is proposed to transfer a farnesyl group from farnesyl diphosphate to heme b via an 

ionization-condensation-hydroxylation mechanism [25, 35–38]. HAS, on the other hand, is 

an oxygen-activating enzyme without close phylogenetic relationships to any other enzyme 

family.

HAS catalyzes the stepwise oxidation of the C8 methyl group of heme o to an alcohol (heme 

I) and then to an aldehyde (heme a) in successive oxygen-dependent reactions (Figure 1) 

[27]. Although HAS was initially proposed to be a monooxygenase, like cytochrome P450 

or chlorophyll a oxygenase [22, 26, 27, 39–42], isotope labeling studies indicate that HAS 

probably oxidizes heme o via electron transfer using a peroxidase-like mechanism [28]. 

Thus, while HAS uses molecular oxygen as an electron acceptor, water is the source of the 

oxygen atom that is ultimately incorporated into the C8 alcohol of heme I and the aldehyde 

group of heme a.

In addition to its primary role in cofactor synthesis, it has been hypothesized that HAS may 

also play a secondary role in CcO assembly. For example, the absence of a confirmed heme 

a chaperone in many prokaryotes and the potential danger associated with releasing free 

heme a into the membrane (where it could have undesirable reactivity) could indicate that 

HAS helps transfer heme a to subunit 1 of CcO as it matures [43]. Similarly, in eukaryotes, 

there is evidence to suggest that HAS plays a role in the maturation of Cox1, the heme 

a-containing structural CcO subunit, possibly by interacting with the Cox1-containing sub-

assembly complexes that form prior to heme a insertion [44–47]. Some studies also indicate 

that Saccharomyces cerevisiae HAS (ScHAS/Cox15) might have a secondary function that 
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is not directly related to cytochrome c oxidase biosynthesis per se, such as HOS regulation 

[48, 49].

The majority of known HAS sequences, including all eukaryotic versions of HAS, are 

comprised of eight transmembrane (TM) helices, although certain archaea have a truncated, 

4-TM HAS variant and some 9-TM variants have recently been identified in acidophilic 

bacteria [50–52]. Sequence homology between the N-terminal half of HAS (helices 1–4) 

and the C-terminal half (helices 5–8) indicates that an ancient gene encoding a 4-TM HAS 

precursor was duplicated and fused to produce the more common 8-TM version of the 

enzyme [23, 52, 53]. In addition to the TM domains, HAS contains an elongated loop 

between TM helices 1 and 2, and 8-TM HAS sequences typically feature an analogous 

elongated C-terminal loop between TM helices 5 and 6 (Figure 2A). The most common 

types of HAS, type 1 and type 2, are distinguished by the presence (type 1) or absence (type 

2) of a cysteine pair in the elongated N-terminal loop [52, 54]. A second cysteine pair is 

also present in the elongated C-terminal loop in certain type 1 sub-types, such as Bacillus 
subtilis HAS (BsHAS/CtaA) [52]. Type-1 HAS sequences are widely distributed among 

prokaryotes, while all eukaryotic nuclear-encoded HAS sequences and certain prokaryotic 

HAS sequences are type-2 enzymes [54]. The functional difference between these two types 

of HAS is poorly understood at present.

There are four highly conserved histidine residues in all 8-TM (or putative 9-TM) versions 

of HAS, two located in the N-terminal half of the protein (located on TM helix 2 and TM 

helix 4) and two located at analogous positions in the C-terminal half (located on TM helix 

6 and TM helix 8) (Figure 2A, Table 1) [50, 55, 56]. All four histidines are important for 

activity in type-1 and type-2 HAS [44, 50, 55–58], and it has long been thought that each 

of these residues serves as a heme ligand [22, 23, 39, 43, 50, 55, 56]. This hypothesis is 

supported by structural data for BsHAS and Aquifex aeolicus HAS, which show that the 

N-and C-terminal halves of the enzyme form two structurally homologous heme-binding 

sites [59, 60]. The crystal structure for BsHAS reveals that the two conserved histidines 

in the C-terminal heme-binding site ligate heme b [59]. The N-terminal heme-binding 

site of that structure was empty, but the position of the conserved N-terminal histidines 

suggests these residues could serve as ligands to heme o [59], although this has not been 

demonstrated experimentally. Therefore, the currently available structural and biochemical 

data indicate that HAS contains two heme-binding sites that, despite being structurally very 

similar, seem to be specific for either binding heme o (substrate) or heme b (presumably 

a cofactor). However, biochemical data that conclusively demonstrate the function of each 

heme-binding site is lacking.

Other than the four histidine ligands, there are only a few residues that are highly conserved 

across all known HAS sequences. Of these, one particularly intriguing residue is a glutamate 

that precedes the first highly conserved histidine as part of the short EXXHR motif located 

within the N-terminal heme-binding site (TM helix 2). This glutamate is the only highly 

conserved negatively charged residue within the transmembrane heme-binding domain. 

The residue at the corresponding position in the C-terminal site is either glutamine (most 

frequently) or histidine, forming the motif Q/HXXHR (TM helix 6) (Figure 2, Table 1). 

Because of its location and high degree of conservation, one intriguing possibility is that 
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the glutamate in the N-terminal site plays a role in stabilizing a carbocation that forms 

transiently at the C8 position of heme o as part of the reaction mechanism (Figure 1) 

[28, 59], similar to the proposed autocatalytic mechanisms of mammalian peroxidases and 

certain members of the CYP4 family of cytochrome P450 enzymes (Figure 1) [62–67].

Herein, we systematically probe the function of each heme and the nearby conserved 

residues via mutagenesis of the N- and C-terminal halves of HAS from representative 

prokaryotic, type-1 (Shewanella oneidensis) and eukaryotic, type-2 (S. cerevisiae) models 

(Table 1). Homologous expression of S. oneidensis HAS (SoHAS) in S. oneidensis does 

not suffer from some of the heterogeneity we have observed previously when expressing 

BsHAS variants in Escherichia coli. Our results for SoHAS support the hypothesis that the 

C-terminal four-helical bundle specifically functions as a heme b binding site. Furthermore, 

analysis of the in vivo activity of SoHAS variants suggests that the highly conserved 

glutamate (E72) in the N-terminal heme-binding site plays a unique role in catalysis, unlike 

the corresponding C-terminal residue (H241). Substituting the analogous N-terminal residue 

(E166) in S. cerevisiae HAS (ScHAS) results in a complete loss of enzyme activity, while 

substitution of the analogous C-terminal residue (Q365) yields a partially active enzyme. 

Neither of these substitutions alter the overall structure of ScHAS, as judged by the ability 

of these variants to form discrete high-molecular-mass complexes similar to the wild-type 

(WT) enzyme. Interestingly, overexpression of inactive HAS variants results in heme o 
accumulation in both S. oneidensis and S. cerevisiae, which does not occur in the absence of 

HAS, suggesting that the enzyme can influence heme o biosynthesis or stability even in the 

absence of its catalytic activity. Altogether, our results shed light on the catalytic mechanism 

of HAS and indicate that HAS may positively regulate HOS activity.

Materials and methods

Cloning

The gene encoding S. oneidensis HAS (ctaA) was inserted into the vector pBAD202/D-

TOPO (Invitrogen) with the sequence encoding the N-terminal thioredoxin tag removed. 

Specifically, ctaA was inserted downstream of an arabinose-inducible promoter (araBAD). 

The ctaA gene was amplified from S. oneidensis MR-1 genomic DNA with primers that 

added NcoI and HindIII restriction sites to the 5′ and 3′ ends of the gene (Table S1), 

respectively, and then ligated into pBAD. This produced the vector pBAD So ctaA-V5-His6, 

in which the encoded HAS had (a) a V5 epitope tag and a hexahistidyl (His6) tag appended 

to the C-terminus and (b) the amino acid sequence MG added to the N-terminus preceding 

the native amino acid sequence (Table 2). This plasmid was used as the template for 

site-directed mutagenesis to produce SoHAS variants. Variants with a single substitution 

(E72A, E72Q, E72D, H241A, or H241E) were produced by phosphorylating the appropriate 

PCR product (Table S1) with T4 polynucleotide kinase (New England BioLabs) prior to 

ligation and transformation. The H75A/H134A and H244A/H302A variants were prepared 

by site-directed mutagenesis (Table S1) using the QuikChange Site-Directed mutagenesis 

method (Agilent). All plasmids were verified by DNA sequencing.

The gene encoding HOS from S. oneidensis MR-1 (ctaB) was amplified from genomic 

DNA by PCR and inserted into the KpnI/SacI site of pBBR1 MCS3 (Table 2, Table S1). A 
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ribosomal binding site (RBS) was added just upstream of the start codon as previously 

described [68] to allow for better expression in S. oneidensis. The pBAD constructs 

were introduced into S. oneidensis MR-1 by electroporation [69, 70] and selected for by 

resistance to 50 μg/mL kanamycin on Luria-Bertani (LB) agar plates. The pBBR1 construct 

was introduced into S. oneidensis MR-1 via conjugation with donor strain WM3064 [71, 72] 

and selected for by resistance to 5 μg/mL tetracycline on LB agar plates.

The E166A, E166D, and Q365A variants of ScHAS-FLAG (Cox15-FLAG) were prepared 

by site-directed mutagenesis (Table S1) from the WT version of the plasmid, pRS426 

Cox15-FLAG [57] using the Q5 (New England BioLabs) site-directed mutagenesis kit. All 

plasmids were verified by DNA sequencing.

Protein expression in S. oneidensis

For purification of His-tagged SoHAS, a 5-mL inoculum of transformed S. oneidensis 
culture (grown overnight) was used to inoculate 500 mL of LB in a 2-L baffled flask. When 

necessary, the medium was supplemented with kanamycin (50 μg/mL) to select for pBAD 

and tetracycline (1 μg/mL) to select for pBBR1. After the cultures reached an OD600 of 

approximately 1, protein expression was induced by the addition of 0.2% (w/v) arabinose 

followed by incubation overnight (16–20 h) at 30 °C. The equivalent of 10–20 mL of cell 

culture at OD600 = 1 was collected by centrifugation and flash frozen for heme extraction. 

The remaining culture was harvested by low-speed centrifugation (12,000 x g) at 4 °C.

Small-scale S. oneidensis cultures were also grown for the purpose of whole cell heme 

extraction. For this type of experiment, approximately 0.25 mL of a transformed S. 
oneidensis culture grown overnight was used to inoculate 25 mL of LB in a 250-mL 

Erlenmeyer flask. Expression of SoHAS was induced as described above, and the equivalent 

of 10 mL or, more commonly, 20 mL of culture at OD600 = 1 was harvested for heme 

extraction. The remaining culture was also harvested so that expression levels of SoHAS 

could be evaluated. Cell pellets were flash frozen and stored at ‒80 °C.

Protein purification from S. oneidensis

Samples were kept cold (at 4 °C or on ice) for the entire procedure. The cell pellet from a 

large-scale (500-mL) S. oneidensis culture was resuspended in 10 mL of Buffer 1 (25 mM 

Tris-HCl, pH 8.0, 50 mM NaCl, 10% (v/v) glycerol, 1 mM phenylmethylsulfonyl fluoride 

(PMSF), 1 mM EDTA, 0.02% (w/v) NaN3). At this point, the cell suspension was either 

immediately used for protein purification or frozen and stored at ‒80 °C. Cells were lysed 

via sonication ten times for 10 s each with a Tekmar High Intensity Ultrasonic Processor 

(Model 501) equipped with a microtip, with the duty cycle set at 60% and the output control 

set at 8. The lysate was then centrifuged at 22,000 x g for 30 min. The supernatant was 

transferred to a new centrifuge tube and centrifuged at 100,600 x g for 60 min. to pellet 

the membrane fraction. The membrane pellet was resuspended in 9 mL of Buffer 2 (50 mM 

Tris-HCl, pH 8.0, 300 mM NaCl, 10% (v/v) glycerol, 1 mM PMSF, 0.02% (w/v) NaN3) 

and homogenized (ten strokes). n-dodecyl-β-D-maltopyranoside (DDM) was added to a final 

concentration of 1% (w/v), and the samples were incubated on a rocking platform 1–2 h 

and centrifuged again for 30 min. at 100,600 x g. The supernatant was supplemented with 

Rivett et al. Page 6

Arch Biochem Biophys. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10 mM imidazole and incubated with 0.5 mL of nickel-nitrilotriacetic acid (Ni-NTA) resin. 

Following 1–2 h of incubation, the resin was transferred to a column and washed with 

10 column volumes of Buffer 2 supplemented with 10 mM imidazole and 0.02% (w/v) 

DDM. Finally, the His-tagged protein was eluted with 200 mM imidazole and 0.02% (w/v) 

DDM. Following purification, the UV-Vis absorbance spectrum of as-isolated (air-oxidized) 

SoHAS-V5-His6 was measured using an HP 8453 spectrophotometer to determine which 

elution fractions had the highest levels of co-purifying heme.

Lysis of small-scale S. oneidensis cultures for SDS-PAGE

To assess the steady-state levels of SoHAS variants in small-scale S. oneidensis cultures, 

frozen cell pellets were thawed and then resuspended and homogenized in 100–500 μL 

of Buffer 2 supplemented with 1 mM EDTA. (To compensate for the low wet-cell pellet 

weight of the strain expressing the H244A/H302A SoHAS-V5-His6 variant, the cell pellets 

from two 25-mL cultures expressing this variant were typically combined.) An aliquot 

(typically 200 μL) of cell suspension was transferred to a new tube and diluted with Buffer 

2 supplemented with Benzonase (Sigma-Aldrich, 1 μL/10 mL), 1 mM EDTA, and 1% (w/v) 

SDS until the suspension cleared (final SDS concentration 0.4%−0.9% (w/v)). Following 

determination of total protein concentration by Bradford assay [76], an equal amount of total 

protein from each sample was loaded onto an SDS-PAGE gel (1–15 μg).

Yeast growth, mitochondrial isolation, heme spectroscopy, co-immunoprecipitation, and 
respiratory competence tests

Most experiments with S. cerevisiae were performed in a cox15Δ DY5113 background 

(MATa, ade2-1, can1-100, leu2-3,112, ura3-1, trp1-1, his3-11,15, cox15Δ::KanMX6) in 

which the COX15 gene was replaced by the KanMX6 cassette (Table 2) [46, 77, 78]. 

The cox15Δ strain was transformed with the episomal plasmid pRS426 containing either 

the gene for WT ScHAS-FLAG (Cox15-FLAG) or the gene for a ScHAS-FLAG variant 

(E166A, E166D, or Q365A) under the control of the S. cerevisiae MET25 promoter. An 

empty pRS426 vector lacking COX15 (“Vector” in figures) was used as a negative control. 

WT cultures were DY5113.

For mitochondrial heme extraction and analysis of steady-state expression levels of the 

ScHAS-FLAG (Cox15-FLAG) variants, transformed yeast cultures were grown in synthetic 

medium (2% (w/v) glucose) lacking uracil (to select for the presence of pRS426). A small 

(250-mL) culture was grown for 20 h and used to inoculate a larger (1-L) culture (initial 

OD600 = 0.1), which was grown for 2 days (~44 h) at 30 °C. The cells were harvested by 

centrifugation for 10 min. at 4696 x g, washed once with 40 mL of ice-cold water, and flash 

frozen. For additional SDS-PAGE experiments and for BN-PAGE and heme spectroscopy, 

cox15Δ cells transformed with empty vector (pRS426) or the plasmids encoding genes for 

the E166A, E166D, or Q365A Cox15 variants were cultured in synthetic medium (2% (w/v) 

galactose, 0.1% (w/v) glucose) lacking uracil at 30 °C. Starter cultures (50 mL) were grown 

overnight and used to inoculate 1-L cultures, which were in turn grown overnight, harvested 

by centrifugation (8 min. at 2900 x g), washed in 10 mM Tris-HCl, pH 7.4, and frozen. 

For co-immunoprecipitation, cultures were treated the same, except the cells were either 

WT or Pet117-13Myc strains transformed with either WT ScHAS-FLAG (Cox15-FLAG) 
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or the E166A variant. Co-immunoprecipitation was performed as previously described 

[45]. Crude mitochondria produced by lysis with glass beads or isolated mitochondria 

produced by gentle spheroplast lysis and differential centrifugation were isolated following 

previously published procedures [79, 80]. Heme-pyridine redox difference spectra were 

determined from SDS-solubilized mitochondrial lysates according to the method of Berry 

and Trumpower [81].

For respiratory competence tests, cells were pre-cultured overnight in synthetic selective 

medium lacking uracil and containing 2% (w/v) glucose. Cultures were normalized to 

OD600 = 1 in sterile water, serially diluted, and dropped onto synthetic selective medium 

plates containing 2% (w/v) glucose or 2% (w/v) glycerol/lactate as a carbon source and 

lacking uracil. Growth was assessed and documented after 1–2 (glucose plates) or 2–4 

(glycerol/lactate plates) days of incubation at 30 °C. Both the overnight cultures and the 

plates lacked uracil to maintain plasmid selection.

Heme extraction

Extraction of non-covalently bound hemes was performed using a modified version of 

previously described protocols [82]. Briefly, a hydrochloric acid-acetone mixture (HCl-

acetone) was prepared by mixing 0.5 mL of concentrated (~37% (w/w) or 12 M) HCl with 

9.5 mL acetone (final HCl concentration ~0.6 M). An aqueous, heme-containing sample 

(purified protein, S. oneidensis cell suspension, or S. cerevisiae crude mitochondria) was 

then combined with HCl-acetone in a 2:3 ratio. This mixture was incubated on ice for 20 

min. with brief vortexing at 0, 10, and 20 min. The sample was then centrifuged at 21,130 

x g for 10 min. at room temperature. The supernatant was transferred to a new 1.7-mL 

microfuge tube and centrifuged again to remove any remaining insoluble material. Finally, 

the supernatant was removed and analyzed by reverse-phase HPLC.

For the data shown in Figure S3, 0.03–0.2 mg (200 μL) of purified SoHAS was used in an 

extraction. To analyze the non-covalently bound hemes in S. oneidensis, frozen cell pellets 

were thawed and resuspended in 200 μL of water. A 100-μL aliquot was then transferred 

to a 1.7-mL microfuge tube containing 150 μL of the HCl-acetone solution. To analyze the 

heme content in S. cerevisiae crude mitochondrial extracts, 0.25–0.5 mg of total protein 

(suspended in 20–50 μL of 600 mM sorbitol, 20 mM HEPES buffer, pH 7.4) was added to 

an appropriate volume of HCl-acetone.

Heme analysis by HPLC

Hemes were separated and analyzed on an Agilent HPLC system (1260 Infinity) equipped 

with a diode array detector (Agilent G1315D) using a modified version of a previously 

published reverse-phase HPLC procedure [18, 83]. The extracted hemes were injected 

onto a reverse-phase C18 column (Agilent 699975–902) and resolved using a gradient 

of solvent A (water, 0.1% (v/v) TFA) and solvent B (acetonitrile, 0.1% (v/v) TFA). The 

chromatography conditions were as follows: 1.00–2.67 min.: 25% B, 2.67–12.67 min.: 

gradient from 25% B to 100% B, 12.67–20.00 min.: 100% B, 20.00–23.00 min.: gradient to 

return to starting conditions of 25% B, with a constant 1.18 mL/min. flow rate throughout. 

Each heme type was identified by its retention time and Soret peak [27]. Retention times 
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were determined by the analysis of known standards (Figure S5). Hemin (heme b chloride) 

(Sigma H9039) and protoporphyrin IX (PPIX) (Frontier Scientific Porphyrin Products 

P562–9) were commercially available. Heme o was isolated from E. coli expressing the 

bo3 quinol oxidase while heme a was isolated directly from bovine heart, as previously 

described [27]. For quantitative analysis of hemes extracted from lysate or mitochondria, 10-

μL injection volumes were used. Higher injection volumes were sometimes used to analyze 

samples with low heme concentrations extracted from purified SoHAS. For quantitative 

heme analysis, the approximate percentage of each heme relative to the total amount of all 

extractable hemes was calculated using the area under the curve for each elution peak in the 

chromatogram (Table 3). The average percentage and standard deviation for n samples are 

shown in Table 3, where n is the number of biological replicates. When technical replicates 

were performed, these percentages differed by ≤ 1%. The concentration of heme b in the S. 
oneidensis lysate samples ranged from 6–21 μM, and the average heme b concentration in 

mitochondrial samples ranged from 4–11 μM. For our HPLC setup, the detection limit for 

heme b was 0.5 μM. Based on the similarity of the extinction coefficients of heme b, heme 

o, and heme a [81, 84, 85], we estimate that the detection limits for heme o and heme a were 

also approximately 0.5 μM.

SDS-PAGE, BN-PAGE, Coomassie staining, and immunodetection

Protein samples were separated on 10% or 15% acrylamide SDS-PAGE gels (self-made) or 

Any kD Mini-PROTEAN TGX gels (BioRad). Because of the different types of SDS-PAGE 

gels and molecular weight markers used, the apparent molecular weight of SoHAS-V5-

His6 and ScHAS-FLAG varied. BN-PAGE separation of mitochondrial protein complexes 

solubilized with 1% (w/v) digitonin was performed as previously described [57] using 

5–13% gradient polyacrylamide gels (self-made) or 3–12% gradient polyacrylamide gels 

(Life Technologies). Following SDS-PAGE or BN-PAGE separation, proteins were either 

visualized by Coomassie staining or transferred to a polyvinylidene difluoride (PVDF) 

membrane. The PVDF membranes were immunodecorated with the appropriate primary and 

secondary antibodies. The following primary antibodies were used: mouse anti-His (Lifetein 

LT0426); rabbit anti-FLAG (Sigma F7425); mouse anti-Cox1 (Abcam ab110270); mouse 

anti-Cox2 (Abcam ab110271); mouse anti-Cox3 (Abcam ab110259); mouse anti-porin 

(Thermo 459500); rabbit anti-c-Myc (Santa Cruz Biotechnology sc-789); rabbit anti-Atp2 

(reactive towards the Atp2 β subunit of F1F0 ATPase) kindly provided by Dr. Alexander 

Tzagoloff; and rabbit anti-Cyt1, rabbit anti-Sdh2, and mouse anti-Rip1 kindly provided by 

Dr. Dennis Winge. The secondary antibodies used were HRP-coupled goat anti-mouse or 

goat anti-rabbit (Pierce 31430 or Abcam 6721 or Santa Cruz Biotechnology sc-2005 or 

sc-2030). Blots were imaged with a Chemi-Doc MP imager (Bio-Rad) or an Amersham 

Imager 600 (GE Healthcare) or by exposure to X-ray film (Thomas Scientific).

Results

Substitution of the conserved glutamate in the N-terminal heme-binding site of S. 
oneidensis HAS reveals that a negatively charged residue is necessary at this position

To understand the role of conserved residues in HAS, we expressed WT and amino acid 

substituted SoHAS (CtaA) variants in WT S. oneidensis MR-1 and assessed the in vivo 
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activity of each variant. Although the genome of S. oneidensis includes genes for HOS 

(ctaB) and HAS (ctaA), as well as the structural genes for an aa3-type CcO, under normal 

growth conditions S. oneidensis does not express these genes and therefore does not produce 

detectable levels of heme o or heme a (Table 3) [86, 87]. Thus, the activity of overexpressed 

SoHAS could be assessed by the presence of heme a in the cell pellet. Heme o, the substrate 

for HAS, was provided by coexpressing S. oneidensis HOS (SoHOS) with SoHAS. When 

we expressed SoHAS appended with C-terminal V5 and His6 epitope tags, SoHAS-V5-His6 

could be isolated from the cell membrane (Figure S1), confirming that the enzyme was 

expressed and inserted into the membrane. Importantly, a small amount of heme a (4 ± 2%) 

was reproducibly detectable in the cells, indicating that both overexpressed proteins, SoHOS 

and SoHAS-V5-His6, were active (Table 3, Figure S2A). The relative amounts of hemes b, 

o, I, and a are expressed as a percentage of the total extractable heme, i.e., all non-covalently 

bound heme in the soluble and membrane fractions, although the farnesylated hemes (hemes 

o, I, and a) are quite hydrophobic and likely confined to the membrane. More specifically, 

analysis of purified WT SoHAS-V5-His6 (see below) indicates that at least a fraction of 

heme a binds to overexpressed SoHAS. After confirming that our coexpression system was 

functional, we proceeded with the investigation of SoHAS-V5-His6 amino acid variants.

To study the role of the highly conserved glutamate in the N-terminal heme-binding site 

(E72 in SoHAS), this residue was substituted with alanine (E72A), glutamine (E72Q), or 

aspartate (E72D). Our goal was to determine if the glutamate was important for catalysis, 

and if so, if another negatively charged residue (aspartate) or a residue of a similar size 

and shape (glutamine) could perform the role of E72 in the catalytic mechanism. Replacing 

E72 with alanine decreased steady-state HAS levels, while the E72Q and E72D substitutions 

did not significantly affect the expression level of SoHAS-V5-His6 (Figure 3A, Table S2). 

The E72A and E72Q variants were inactive, as judged by the lack of heme a or the heme 

I intermediate in the cells (Table 3, Figure S2B). Heme o (the substrate of HAS) was 

detectable in the strains expressing these inactive HAS variants but was undetectable in 

the control cells, suggesting that the presence of HAS increased in vivo heme o levels. In 

contrast to the E72A and E72Q HAS variants, when the E72D variant was expressed, small 

amounts of heme I (5 ± 1%) and heme a (2 ± 1%) were detectable in the cells, indicating this 

variant was partially active. Notably, heme I did not accumulate when WT SoHAS-V5-His6 

was expressed. The observation that only the E72D variant and WT SoHAS had any level of 

activity suggests that the presence of a negatively charged residue at this position within the 

N-terminal heme-binding site is necessary for HAS catalytic activity.

Because the structures of the N- and C-terminal heme-binding sites are similar, the 

conserved glutamate in the N-terminal domain has a C-terminal counterpart. This 

corresponding C-terminal residue is less conserved but is usually glutamine or, less 

commonly, histidine. In SoHAS, H241 is the residue in the C-terminal domain that occupies 

the position analogous to the conserved glutamate (E72) in the N-terminal domain. To 

test the hypothesis that the N-terminal heme-binding site and C-terminal binding site have 

distinct roles, H241 was substituted with alanine or glutamate, and the resulting variants 

were coexpressed with SoHOS to allow for analysis of in vivo activity (Figure 3A, Table 

3, Figure S2C). While steady-state levels of the H241A variant were typically lower than 

WT SoHAS-V5-His6 (Table S2), this variant exhibited in vivo activity similar to the WT 
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enzyme (heme a comprised 4 ± 1% of the total extractable heme). Similarly, levels of the 

H241E variant were decreased compared to WT SoHAS, but this variant was also active in 
vivo, although in one biological replicate an accumulation of heme o and heme I indicated 

that HAS activity might be partially compromised. We conclude that unlike its N-terminal 

analogue, H241 can be replaced by residues with different sizes and chemical properties 

without significantly altering the catalytic activity of SoHAS.

Substitutions in the C-terminal heme-binding site destabilize prokaryotic HAS (SoHAS) to 
a greater extent than substitutions in the N-terminal heme-binding site

To test the hypothesis that the N- and C-terminal heme-binding sites have distinct functions, 

we substituted each of the four invariant, heme-ligating histidines in S. oneidensis HAS with 

alanine. Structural data indicate that the C-terminal histidines ligate heme b, a cofactor [59], 

while the N-terminal histidines are presumed to ligate the substrate, heme o, although this 

has not been demonstrated experimentally. To better understand the roles of these residues, 

we constructed doubly substituted SoHAS-V5-His6 variants that either had both N-terminal 

histidines (H75 and H134) or both C-terminal histidines (H244 and H302) substituted with 

alanine. Consistent with previous studies of BsHAS and ScHAS [44, 55–57], both variants 

were inactive in vivo (Table 3). A striking difference between the two variants, however, 

was their apparent stability. While the expression levels of both doubly substituted variants 

were decreased relative to WT SoHAS (Figure 3A and Table S2), the decrease in the level 

of the H224A/H302A variant was especially severe, and purification yields for this variant 

were consistently lower than those of the H75A/H134A variant (Figure S1). Furthermore, 

heme o was detected in the strain expressing the N-terminal double variant but not in cells 

expressing the C-terminal double variant (Table 3), suggesting that heme o accumulation is 

correlated with HAS abundance in S. oneidensis.

The instability of the C-terminal double histidine variant when compared to its N-terminal 

counterpart supports the hypothesis that the C-terminal half of HAS binds heme b while 

the N-terminal half binds heme o. Because the heme b cofactor is presumably a prosthetic 

group that is not released, the C-terminal four-helical bundle is likely relatively static during 

turnover. On the other hand, the N-terminal half of HAS is expected to be more dynamic 

since it must bind substrate (heme o) and release product (heme a). Thus, it is logical that 

substitutions in the N-terminal heme-binding site do not affect HAS stability to the same 

extent as mutations in the C-terminal heme-binding site, as the C-terminal substitutions 

likely disrupt cofactor binding and the overall structure of the enzyme.

In an attempt to confirm that the conserved histidine residues in the N-terminal heme-

binding site ligate heme o, we analyzed the hemes that co-purified with the double H75A/

H134A SoHAS-V5-His6 variant and the double H244A/H302A SoHAS-V5-His6 variant. 

WT HAS typically co-purifies with heme a and heme b [22, 39, 55, 88], leading to the 

hypothesis that each heme-binding site ligates a specific heme type. Because previous 

work individually substituting each conserved histidine with a non-ligating residue did not 

clarify which histidine coordinates which heme [50, 55, 56], we purified doubly substituted 

SoHAS-V5-His6 variants that were coexpressed with SoHOS. The rationale behind this 

approach was that substitution of both histidine ligands in a heme-binding site could 
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sufficiently disrupt the site to prevent heme from binding at that location. Ideally, this would 

allow us to verify which type of heme binds to each heme-binding site, as any heme that 

co-purifies with the H75A/H134A variant must be bound to the C-terminal heme-binding 

site, and vice versa.

The estimated heme b/protein (mol/mol) ratios for preparations of SoHAS-V5-His6 isolated 

from a nickel-nitrilotriacetic acid (NiNTA) column showed that both WT HAS and the 

doubly substituted variants co-purified with substoichiometric amounts of heme (i.e., 

approximately ≤ 0.2 mol heme b/mol protein) (Figures S1A, S3). Although these ratios 

may be artificially low due to the presence of contaminating proteins in our preparations of 

SoHAS-V5-His6 (Figure S1B), the data clearly indicate that neither heme-binding site was 

fully occupied, similar to previous reports of BsHAS-His6 isolated from B. subtilis [22, 55].

WT SoHAS-V5-His6 co-purified with heme b and heme a when coexpressed with SoHOS, 

as expected (Figures S1A, S3). The H75A/H134A variant co-purified with heme b and, in 

some cases, a small amount of heme o. Although poor expression of the H244A/H302A 

variant made it difficult to analyze co-purifying hemes, a small amount of heme b was 

detected in some preparations of this variant (Figure S3). Overall, these data suggest that 

replacing both heme-ligating histidines with alanine does not alter the SoHAS heme-binding 

sites sufficiently to completely prevent heme binding.

Substitution of the conserved glutamate in the N-terminal heme-binding site of S. 
cerevisiae HAS (ScHAS/Cox15) indicates that this residue is critical for the activity of 
eukaryotic HAS

We also investigated the significance of the highly conserved glutamate (E166) in the 

N-terminal heme-binding site in eukaryotic HAS using S. cerevisiae, a model eukaryote 

that has been instrumental in the study of mitochondrial CcO biogenesis. To assess the in 
vivo activity of ScHAS (Cox15) variants, plasmids encoding the genes for WT, E166A, 

or E166D ScHAS-FLAG were expressed in a cox15Δ genetic background (in which 

cells lack the COX15 gene), followed by extraction of non-covalently bound hemes from 

isolated mitochondria. As expected, expression of WT ScHAS-FLAG restored respiratory 

competence in the cox15Δ strain (Figure 3C) [57] and produced detectable levels of heme 

a (10 ± 4%) (Table 3) (Figure S4). In contrast, both the E166A and E166D variants were 

inactive, with no detectable heme a, despite generally having steady-state levels (Figure 

3B and Table S2) and oligomerization properties (see below) similar to that of the WT 

enzyme. Interestingly, although heme o was not detectable in the parent cox15Δ strain, heme 

o accumulated to detectable levels in the cox15Δ cells overexpressing either the E166A or 

E166D ScHAS variant, thereby mirroring the effect inactive but stably expressed SoHAS 

variants have on in vivo heme o levels in S. oneidensis. Taken together, these data suggest 

that 1) inactive HAS must be present for heme o to accumulate to detectable levels in S. 
cerevisiae mitochondria, and 2) the presence of the conserved glutamate in the N-terminal 

heme-binding site is important for catalysis in eukaryotic HAS.

In ScHAS, the residue Q365 in the C-terminal domain is analogous to the highly conserved 

glutamate (E166) from the N-terminal heme-binding site. To assess the importance of 

this residue in eukaryotic HAS, the Q365A variant of ScHAS-FLAG (Cox15-FLAG) was 
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expressed in S. cerevisiae in a cox15Δ genetic background, producing steady-state levels 

of the Q365A variant similar to that of WT ScHAS-FLAG (Table S2). Expression of this 

variant partially rescued the respiratory deficiency of the cox15Δ strain (Figure 3C), and 

analysis of the extractable mitochondrial hemes revealed a small amount of heme a (3 ± 

4%). This evidence of in vivo HAS activity indicates that, unlike the analogous position in 

the N-terminal heme-binding site, the identity of the residue at position 365 is not critical in 

S. cerevisiae HAS.

Oligomerization of yeast HAS is unaffected by substitution of E166

WT ScHAS (Cox15) forms several high-mass complexes [44, 46, 57]. These oligomers 

are readily observed when mitochondrial complexes are separated by non-denaturing blue 

native polyacrylamide gel electrophoresis (BN-PAGE), where ScHAS-FLAG partitions into 

complexes with sizes ranging from approximately 232 kDa to over 440 kDa (Figure 4A, 

4B), which is much greater than the expected molecular weight of monomeric ScHAS-

FLAG (~49 kDa). While these ScHAS-containing complexes appear to be primarily homo-

oligomeric [46, 57], they may also include substoichiometric quantities of other proteins, 

as interactions between ScHAS and various CcO subunits and assembly factors have 

been reported [44–46]. In particular, the CcO assembly factor Pet117 has been shown 

to physically interact with ScHAS and help stabilize ScHAS oligomers [45]. While the 

significance of ScHAS oligomerization remains incompletely understood, it appears to be 

necessary for proper CcO maturation/hemylation [45].

To determine whether substitution of the highly conserved E166 residue affects the ability 

of ScHAS to oligomerize, the high-mass complexes formed by ScHAS in mitochondrial 

samples isolated from cox15Δ cells expressing plasmid-borne ScHAS-FLAG E166A or 

E166D variants were analyzed by BN-PAGE (Figure 4A). Neither the abundance nor the 

distribution of ScHAS in high-mass ensembles was affected by substituting E166 (Figure 

4A, anti-FLAG immunoblot; while this blot shows slightly higher levels of Cox15 oligomers 

in E166 variants compared to WT, this difference was not observed in other biological 

replicates). The high-mass distribution of the Q365A variant was also similar to that of 

WT ScHAS, although the abundance of the Q365A complexes was reduced (Figure 4B). 

Because both the E166A and E166D ScHAS variants are inactive in vivo, preventing the 

hemylation of Cox1 and subsequent CcO assembly, the steady-state levels of the core CcO 

subunits Cox1, Cox2, and Cox3 are significantly reduced (Figure 4C) when these variants 

are the only form of ScHAS present, and CcO (Complex IV) does not assemble (Figure 4A, 

anti-Cox1 immunoblot). As a result, the respiratory supercomplexes, which in S. cerevisiae 
consist of the Complex III dimer associated with either one (III2IV) or two (III2IV2) 

CcO complexes, do not form (Figure 4A, anti-Cox1 and anti-Cyt1 immunoblots), leaving 

Complex III to accumulate in its dimeric form (III2). In contrast, succinate dehydrogenase 

(Complex II, anti-Sdh2 immunoblot) and monomeric and dimeric ATP synthase (Complex 

V, anti-Atp2 immunoblot) still assemble in the absence of CcO, as has been observed 

previously in cases of CcO-specific assembly defects [44, 45].

Pet117 physically interacts with WT ScHAS and is important for its oligomerization [45]. 

To determine if this interaction persists when E166 is substituted, co-immunoprecipitation 
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experiments were performed to probe for an interaction between chromosomally tagged 

Pet117 with a C-terminal tag comprised of 13 copies of the Myc epitope (Pet117-13Myc) 

and the plasmid-borne E166A variant of ScHAS-FLAG. When Pet117-13Myc was 

immunoprecipitated with anti-Myc resin, the E166A variant co-immunoprecipitated (Figure 

5A), analogous to what is observed with WT ScHAS-FLAG (Figure 5B). Together, 

our native gel electrophoresis and co-immunoprecipitation experiments demonstrate that 

although substitutions at the E166 position render ScHAS catalytically inactive in vivo, 

E166 variants are still able to form oligomers stabilized by Pet117. Thus, our data suggest 

that substitution of E166 alters the substrate heme-binding site and/or catalysis without 

affecting the global structural features of ScHAS that are critical for its oligomerization.

Discussion

Substitution of the conserved, heme-ligating histidines in prokaryotic HAS is consistent 
with the hypothesis that the N-terminal domain binds heme o and the C-terminal domain 
binds heme b

It has long been hypothesized that HAS contains two functionally distinct heme-binding 

sites [22]. The crystal structure of BsHAS, which revealed heme b in the C-terminal site and 

an unoccupied N-terminal site, strongly supports the idea that the C-terminal heme-binding 

center is dedicated to cofactor (heme b) binding, while the N-terminal four-helical bundle 

presumably forms the binding site for the substrate heme [59]. In this study, we attempted 

to confirm the site of heme o binding by substituting both heme-ligating histidines in either 

the N- or C-terminal domains of SoHAS. We hypothesized that replacing both histidine 

ligands in one domain with alanine might disrupt that site enough to prevent heme binding. 

However, the presence of a small amount of heme o in some of the H75A/H134A variant 

preparations suggests that substituting both N-terminal histidines does not completely 

abolish the heme-binding capability of the N-terminal heme-binding site. Similarly, the 

observation that some preparations of the H244A/H302A variant co-purified with a small 

amount of heme b could either indicate that some heme b can bind the N-terminal site 

or that a small portion of heme b can bind the disrupted C-terminal heme-binding site. 

Because the crystal structure of BsHAS indicates that the C-terminal heme-binding site is 

occupied by heme b [59], we favor the second scenario, i.e., that a small amount of heme 

b is still capable of binding to the disrupted C-terminal heme-binding site of the H244A/

H302A SoHAS variant. Although our mutagenesis data did not provide clear biochemical 

evidence demonstrating that heme o binds the N-terminal domain, our mutagenesis data on 

the stability and catalytic activity of HAS support the idea that the N-terminal four-helical 

bundle is the site of substrate binding.

We observed that substitution of the conserved, heme-ligating histidine residues in the 

C-terminal heme-binding site severely reduces the steady-state expression levels of SoHAS 

(Figure 3A, Figure S1, and Table S2), presumably due to a decrease in stability. In contrast, 

substitution of analogous residues in the N-terminal heme-binding site does not decrease 

protein stability to the same extent, even though these substitutions render SoHAS inactive 

(Table 3). Similarly, studies with BsHAS from our group (data not shown) and others also 

demonstrated that substitutions of C-terminal residues, such as the C-terminal histidine 
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ligands, seem to decrease the stability of the variants in question relative to WT BsHAS, 

regardless of the location of the His6 tag (i.e., N-terminal vs. C-terminal) or expression 

host [55, 56]. Moreover, the core of the stable A. aeolicus HAS trimers is formed by two 

C-terminal helices from each monomer, and each C-terminal heme-binding site appears to 

be occupied by heme b, which also indicates that the C-terminal half of prokaryotic HAS 

binds heme b and remains relatively static [60]. Overall, the observation that substitutions in 

the C-terminal heme-binding site generally reduce the stability of prokaryotic, type-1 HAS 

is consistent with the hypothesis that this site is occupied by heme b, as structural changes to 

the cofactor heme-binding center are likely to have a greater effect on protein stability than 

analogous alterations in the more dynamic substrate heme-binding site.

A conserved glutamate in the N-terminal heme-binding site is important for the catalytic 
activity of HAS

A recently published model of heme o binding to BsHAS suggests that the conserved 

glutamate in the N-terminal domain is positioned near the C8 methyl group of heme o when 

this substrate binds [59]. We found this prediction intriguing because it suggests that this 

glutamate could stabilize a carbocation intermediate that is proposed to form transiently at 

the C8 position during catalysis (Figures 1, 6) [28]. To probe the function of this highly 

conserved glutamate in the N-terminal heme-binding site, we made substitutions at this 

position in both prokaryotic HAS (SoHAS-V5-His6) and eukaryotic HAS (ScHAS-FLAG) 

and assessed the in vivo activity of each variant.

Our results indicate that replacing the conserved glutamate (E72) in SoHAS with alanine 

or glutamine abolishes the catalytic activity of this prokaryotic (type-1) enzyme. Analogous 

substitutions in BsHAS (E57A and E57Q) have also been reported to inactivate BsHAS 

without affecting the enzyme’s ability to bind heme o [50, 56]. In contrast to the E72A 

and E72Q variants of SoHAS, the E72D variant is partially active in vivo, as judged by the 

presence of detectable levels of heme I and heme a in S. oneidensis cells expressing this 

variant, suggesting a carboxylate is necessary in this position for catalytic activity. In line 

with our model, we also found that this conserved glutamate is essential for the activity of 

eukaryotic (type-2) HAS, as both the E166A and E166D variants of ScHAS are inactive 

and fail to rescue respiration in the cox15Δ mutant. Notably, substitution of the C-terminal 

counterpart of this highly conserved glutamate in either type of HAS (H241 in SoHAS, 

Q365 in ScHAS) produces a fully or partially functional enzyme, thereby suggesting that 

the C-terminal residue is less critical for catalysis. Overall, our results indicate that the 

conserved glutamate in the N-terminal heme-binding site is important for the catalytic 

activity of HAS and suggest that this importance stems from its negative charge. The 

necessity of an anionic residue near the heme o substrate and the accumulation of heme 

I in the case of the E72D SoHAS variant are both consistent with the proposed catalytic 

mechanism of HAS, which is discussed below.

The catalytic mechanism of HAS may involve the successive formation of two carbocation 
intermediates

The putative catalytic mechanism of HAS (Figure 6) [43] is similar to the proposed 

mechanism for mammalian peroxidases and certain members of the CYP4 family of 

Rivett et al. Page 15

Arch Biochem Biophys. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cytochrome P450 enzymes [63–67]. Enzymes from these families are proposed to form 

a heme oxyferryl species (similar to compound I in plant heme peroxidases [40, 89, 90]) that 

oxidizes a methyl substituent of the heme to a carbocation [67]. This autocatalytic oxidation 

requires a carboxylate residue positioned near the heme [62, 64–67]. Due to the similarities 

between these enzymes and HAS [59], we previously proposed that the glutamate in the 

N-terminal domain positioned near heme o may also be involved in stabilizing a carbocation 

intermediate during each HAS-catalyzed oxidation step (Figure 6) [28, 43]. In this study, we 

directly tested this hypothesis by substituting E72 with aspartate in SoHAS.

Substitution of E72 with aspartate in SoHAS likely decreases the electrostatic stabilization 

of the putative carbocation intermediate because the shorter side chain of aspartate is farther 

away from the C8 carbocation. Although both oxidation steps are expected to involve 

a carbocation intermediate, carbocation formation during the second oxidation would be 

more difficult due to the presence of the electron-withdrawing hydroxyl group on the C8 

carbon. Thus, the E72D substitution is expected to have a more significant impact on the 

rate of the second oxidation if both oxidation steps require carbocation formation. This 

observation may explain why the product of the first oxidation step, heme I, accumulates in 

cells expressing the E72D variant of SoHAS. Overall, our mutagenesis data are consistent 

with a mechanism consisting of two consecutive oxidations, both involving formation 

of carbocation intermediates that are stabilized by a highly conserved glutamate in the 

N-terminal heme-binding site.

The N-terminal heme-binding site may also function as the site of oxygen activation

Another interesting aspect of the proposed mechanism of HAS is the question of which 

heme binds O2 [43]. In other classes of heme enzymes that form compound I, one of the 

heme’s axial coordination sites is vacant, making it obvious where O2 or peroxide binds. 

Purified WT SoHAS (Figure S3) and WT BsHAS, however, contain both heme b and heme 

a, and, at least in BsHAS, these hemes are bis-histidyl axially ligated in the as-isolated 

state [22], making it unclear where O2 binds. As discussed in our recent review, there is 

literature precedent for O2 activation at either heme b (outer-sphere electron transfer) or 

heme o (autoxidation) [43]. We have attempted to determine the site of O2 binding using 

the O2 mimic CO, but the results thus far have been inconclusive. HAS typically co-purifies 

with sub-stoichiometric amounts of both heme b and heme o/heme a, and the CO-binding 

capabilities of purified HAS vary significantly depending on the affinity tag(s) present, the 

type of HAS being expressed (BsHAS versus SoHAS), and the expression host (data not 

shown). Thus, interpretation of these results would be tenuous at best.

Although the site of O2 activation in HAS remains unclear, we favor the autoxidation 

mechanism, in which O2 binds heme o within the N-terminal domain. The N-terminal half 

of HAS contains more conserved residues than the C-terminal half, and the conservation 

levels of these N-terminal residues are generally higher than their C-terminal counterparts 

(where present) [50, 54]. The greater number of conserved residues in the N-terminal 

domain suggests that this domain is dedicated to O2 activation. Other heme enzymes that 

are capable of O-O bond cleavage, such as peroxidases and cytochromes P450, also require 

a set of highly conserved residues in the heme-binding pocket [40, 89–94]. Substitution 
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of these residues typically has a severe effect on catalytic activity [40, 89, 90, 92–95]. In 

contrast, substitutions in electron transfer hemoproteins are often better tolerated [96–99]. 

Similarly, replacing one of the N-terminal histidine ligands in BsHAS (H60 and H123) 

with alanine or leucine completely abolishes in vivo activity, while substituting either of 

the C-terminal histidines with a non-ligating residue often results in a HAS variant that 

retains partial activity [50, 55, 56, 100]. Previous work has also shown that deletion of 

seven consecutive residues in the C-terminal heme-binding site of BsHAS, including H216, 

produces a functional enzyme, indicating that the identity of the amino acids in this region 

are not critical for the enzyme’s function [101]. These data suggest that the N-terminal heme 

center is directly involved in oxygen activation while the C-terminal heme center is only 

involved in electron transfer.

We propose that the N-terminal histidine ligands in HAS participate in a push-pull method 

of oxygen activation similar to that of peroxidases [40, 43, 89–91]. This mechanism would 

explain why both N-terminal histidines are necessary for full catalytic activity in HAS. 

Based on the available experimental data for BsHAS, we further speculate that the invariant 

histidine on TM helix 2 serves as the “distal” histidine (H60 in BsHAS), while the invariant 

histidine on TM helix 4 serves as the “proximal” histidine (H123 in BsHAS) that ligates 

the heme iron and provides the electron-donating “push” necessary for O-O bond cleavage. 

This hypothesis would explain why all H123 BsHAS variants tested are completely inactive, 

while a small amount of activity is retained if any of the other three histidine ligands is 

substituted with methionine [55]. Additionally, in the crystal structure of BsHAS, TM helix 

2 is bent, positioning H60 away from the center of the heme-binding site and suggesting 

that this residue could easily dissociate from the heme o iron and allow O2 to bind [59]. 

A similar mechanism has been proposed for diheme cytochrome c peroxidase, an enzyme 

that is activated by conformational changes that cause the distal histidine to dissociate from 

the active site heme [102, 103]. Future structural and biochemical analyses of HAS will be 

needed to confirm the location of the O2 binding site and the role of the histidine ligands in 

O2 activation.

Local perturbations to the heme-binding sites of yeast HAS do not affect the global 
structure of ScHAS

In addition to allowing us to assess the catalytic importance of conserved (and semi-

conserved) residues in eukaryotic (type-2) HAS, our studies with ScHAS allowed us to 

probe how substitutions in each heme-binding site affect the overall structure of ScHAS, 

which may impact its proposed secondary functions. Consistent with previous studies, our 

data show that substitutions in either heme-binding site of ScHAS do not appreciably 

decrease the steady-state levels of the enzyme, suggesting that alterations to either site do 

not result in destabilizing global structural changes (Figures 3B, 4). Substitutions at the 

E166 or Q365 positions also do not alter the ability of ScHAS to form oligomers with 

molecular weight distributions similar to the WT complexes (Figure 4A, 4B). Moreover, the 

catalytically inactive E166A variant retains the ability to interact with Pet117-13Myc (Figure 

5), indicating that Pet117-mediated stabilization is preserved for the E166A oligomers. 

Although it is currently unclear precisely which regions of ScHAS are necessary for 

oligomerization, the fact that substitutions in the N- or C-terminal heme-binding sites do 
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not alter oligomerization suggests that these local changes in ScHAS structure are not 

propagated globally. Thus, any secondary functions of HAS that are not strictly dependent 

on catalytic activity are likely to be retained by the inactive E166A and E166D variants.

The in vivo accumulation of heme o is dependent on the presence of HAS

In addition to its obvious function to synthesize heme a, HAS may also play a role 

in regulating the activity of HOS, its upstream biosynthetic partner. In WT (respiratory-

competent) S. cerevisiae, heme o levels are so low that heme o is undetectable in our HPLC 

analysis of extracted mitochondrial hemes (Table 3), although another group has reported 

detection of a very small amount of heme o (0.37% of heme b, which is below our detection 

limit of 0.5 μM heme) in WT S. cerevisiae [48]. Deletion of ScHAS (cox15Δ) prevents the 

conversion of heme o to heme a, as demonstrated by the lack of heme a in the vector-only 

cox15Δ control (Table 3, Figure S4). Although the deletion of HAS might be expected to 

lead to an accumulation of heme o, the substrate for HAS, no heme o accumulation is 

observed under these circumstances. This lack of heme o accumulation is consistent with 

the previous observation that deletion of ScHAS in the parental S. cerevisiae strain W303a 

does not result in significant heme o accumulation [48]. It was also found that heme o 
accumulation that was detected when other assembly factors were knocked out could be 

suppressed by knocking out HAS, leading the authors of that study to suggest that either the 

product of HAS (heme I or heme a) or the HAS enzyme itself could positively regulate HOS 

activity [48]. However, in the present study, we have shown that the presence of catalytically 
inactive ScHAS (E166A or E166D variants) allows heme o to accumulate to detectable 

levels. Thus, it seems unlikely that heme I or heme a molecules are regulating HOS activity. 

Instead, the ScHAS protein itself seems to effect some change in vivo that allows heme o 
levels to increase.

The presence of inactive HAS could theoretically regulate in vivo heme o levels by (i) 

increasing HOS steady-state levels, (ii) increasing HOS activity, or (iii) decreasing heme o 
degradation. Although there are currently no known degradation pathways for either heme 

o or heme a in any organism, it could be imagined that inactive, overexpressed HAS binds 

heme o and protects it from degradation. However, it is not obvious how this scenario 

would explain the results from the study by Barros and Tzagoloff [48], which show heme o 
accumulation in certain cytochrome c oxidase assembly factor knockout strains even when 

ScHAS is expressed at WT levels from its native promoter. Additionally, in S. cerevisiae, 

attenuation of HAS expression (due to transcriptional repression) does not prevent HOS 

expression, and deletion of the gene encoding HAS (cox15Δ) does not affect steady-state 

HOS levels [49]. Therefore, the possibility that HAS increases the steady-state levels of 

HOS can be ruled out for S. cerevisiae. Thus, one reasonable scenario is that inactive 

ScHAS increases heme o production by ScHOS, either directly or indirectly. The fact that 

the distribution of ScHAS in high-mass complexes is unaffected by the E166A or E166D 

substitutions indicates that these variants maintain the same protein-protein interactions 

as WT ScHAS, suggesting that these inactive variants could maintain any regulatory role 

WT ScHAS possesses. Although the mechanism of regulation remains unclear and the 

presence of an unanticipated pleiotropic effect cannot be ruled out, our results suggest that 
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ScHAS may help control heme o synthesis in S. cerevisiae, potentially by increasing ScHOS 

(Cox10) activity.

Interestingly, the presence of an inactive but stably expressed HAS variant is also correlated 

with increased heme o levels in S. oneidensis when SoHOS is coexpressed with SoHAS. 

When the native SoHOS is constitutively expressed by itself from a low-copy plasmid 

in S. oneidensis, no significant heme o accumulation is observed (Table 3, Figure S2A). 

However, when SoHOS and WT SoHAS are coexpressed, heme a is detectable, indicating 

that both SoHOS and SoHAS are active. Similar to the pattern of heme o accumulation in 

S. cerevisiae, when inactive but stable SoHAS variants are coexpressed with SoHOS, heme 

o accumulates to detectable levels, which seems to indicate that the presence of SoHAS also 

helps increase SoHOS activity in S. oneidensis. However, because these experiments were 

performed under growth conditions where the native caa3 oxidase was not present (Table 3, 

Figure S2A) [87], further work is warranted to confirm the physiological relevance of this 

apparent SoHAS-mediated regulation of SoHOS activity.

Conclusions

In this report, we present data that deepen our understanding of the reaction mechanism of 

heme a synthase. Our results demonstrate that the conserved glutamate in the N-terminal 

domain of eukaryotic HAS is essential for catalysis and that a negatively charged residue 

must occupy this position in prokaryotic HAS. Furthermore, our results support the 

hypothesis that the N- and C-terminal domains of HAS serve distinct roles as the binding 

sites for substrate and cofactor heme, respectively. In particular, our results are consistent 

with a mechanistic model of HAS activity where heme o binding positions the C8 group of 

heme o near the highly conserved glutamate in the N-terminal heme-binding site, allowing 

the glutamate to stabilize the carbocation intermediates that are thought to form at the C8 

position during both oxidation steps. Surprisingly, expression of inactive HAS variants in 

S. cerevisiae results in heme o accumulation in vivo, indicating that HAS regulates heme o 
biosynthesis in a manner that is independent of the catalytic activity of HAS.
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Abbreviations and nomenclature

BN-PAGE blue native PAGE

CcO cytochrome c oxidase

DDM n-dodecyl-β-D-maltopyranoside

HAS heme a synthase

HCl hydrochloric acid

HOS heme o synthase

IP immunoprecipitation

LB Luria-Bertani

NiNTA nickel nitrilotriacetic acid

OD600 optical density at 600 nm

PPIX protoporphyrin IX

PVDF polyvinylidene difluoride

RBS ribosomal binding site

TM transmembrane
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Highlights

• Type-1 and type-2 heme a synthases have a key glutamate in the N-terminal 

heme site

• For both enzyme types, this glutamate is critical for catalysis but not structure

• The type-1 E→D variant is partly active; anionic residue is critical for 

catalysis

• C-terminal domain substitutions decrease type-1 heme a synthase stability

• Heme o accumulates in vivo when an inactive heme a synthase variant is 

expressed
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Figure 1. Overview of the proposed reaction mechanism for the conversion of heme o to heme a 
by HAS.
In this proposed mechanism, the C8 methyl group (pyrrole ring D substituent, shown 

in red) first loses a proton and two electrons, generating a carbocation intermediate. An 

oxygen atom from water (shown in red) then traps this carbocation, yielding heme I, an 

alcohol intermediate that does not significantly accumulate in vivo. A second oxidation step 

ultimately converts the alcohol to an aldehyde, generating heme a. The substituent of pyrrole 

ring A shown in pink is the hydroxyethylfarnesyl group formed by the HOS-catalyzed 

reaction. Pyrrole rings are labeled A-D on the first heme depicted. This scheme is adapted 

from Brown et al., 2004 [28].
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Figure 2. Topology and structure of Bacillus subtilis HAS.
A. The topology of the eight transmembrane (TM) helices in B. subtilis HAS (BsHAS) 

showing the position of the conserved residues discussed in the text. TM helix 2 harbors a 

conserved EXXHR motif (cyan squares), and TM helix 6 has a similar Q/HXXHR motif 

(green squares). The four invariant histidine residues that serve (or are predicted to serve) as 

heme ligands are shown as pink diamonds. The disulfide bonds (formed between cysteines 

shown as yellow circles) between the conserved N-terminal cysteine pair (found in all type-1 

HAS) and semi-conserved C-terminal cysteine pair (found in type-1.1 and type-1.2 HAS) 

are also shown in the loops between TM helices 1–2 and 5–6, respectively [52]. Figure 

prepared using Protter [61]. B. The crystal structure of BsHAS prepared from PDB 6ied 

[59]. The side chains of the transmembrane residues depicted in panel A are shown as sticks, 

and heme b is shown with carbon atoms in pink in the C-terminal heme-binding site. TM 

helices 3 and 5 have been removed in the inset for clarity.
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Figure 3. Expression levels of all HAS variants in this study and respiratory growth of S. 
cerevisiae cox15Δ cells expressing ScHAS-FLAG variants.
A. Immunoblot analysis of an SDS-PAGE gel of S. oneidensis lysate (~15 μg total protein 

per lane) showing steady-state expression levels from cells expressing either WT SoHAS-

V5-His6 or an indicated HAS variant. The immunoblot shown is representative of three 

biological replicates. B. Immunoblot of an SDS-PAGE gel of S. cerevisiae mitochondria (10 

μg total protein per lane) containing ScHAS-FLAG (Cox15-FLAG) variants expressed from 

the pRS426 plasmid in a cox15Δ background. A second immunoblot probed with anti-porin 

is also shown as a loading control. Two different isolates for the Q365A variant are shown 

(labeled Q365A 1 and Q365A 2, respectively). The immunoblots shown are representative 

of 2 biological replicates. C. Respiratory competence tests of each plasmid-borne ScHAS-

FLAG (Cox15-FLAG) variant in a cox15Δ background. Also shown are cox15Δ cells and 

WT cells expressing an empty vector. Each cell type was grown in synthetic selective 

medium (2% (w/v) glucose), normalized, serially diluted, and spotted onto a synthetic 

medium plate with either 2% (w/v) glucose or 2% (w/v) glycerol + 2% (w/v) lactate. 

Growth on the non-fermentable carbon source (glycerol/lactate) indicates in vivo respiratory 

competence. The growth tests shown are representative of at least three biological replicates. 

D. Heme-pyridine redox difference spectra of mitochondrial lysates isolated from yeast cells 

expressing ScHAS-FLAG (Cox15-FLAG) variants in a cox15Δ background. Spectra are 

offset along the y-axis for clarity. The dashed line indicates the absorbance at ~588 nm 

characteristic of heme a, which is only observed for the Cox15 WT control. Spectra shown 

are representative of 3 biological replicates.
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Figure 4. Substitutions of the conserved glutamate (E166) within the N-terminal heme-binding 
site do not affect the formation of stable ScHAS-FLAG (Cox15-FLAG) oligomers.
A. BN-PAGE of ScHAS-FLAG (Cox15-FLAG) high-mass complexes in Cox15 WT and the 

E166A and E166D variants (anti-FLAG immunoblot). Formation of respiratory Complexes 

II, III, and V, and supercomplexes containing Complexes III and IV are also indicated in 

the appropriate anti-Cox1, anti-Cytl, anti-Sdh2, and anti-Atp2 immunoblots with relevant 

stoichiometry of the complexes shown on the right side of the blots. B. BN-PAGE of 

ScHAS-FLAG (Cox15-FLAG) high-mass complexes in Cox15 WT and the Q365A variant 

(anti-FLAG immunoblot) with Complex V as a loading control (anti-Atp2 immunoblot). 

Gels for BN-PAGE in panels A and B were loaded with mitochondrial protein solubilized 

in digitonin (15 μg total protein per lane) from the same types of cells shown in Figure 3C. 

C. SDS-PAGE (30 μg total protein per lane) of ScHAS-FLAG (Cox15-FLAG) monomers in 
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Cox15 WT and the E166A and E166D variants (top immunoblot). Representative subunit(s) 

from respiratory Complexes II, III, IV, and V are also shown in the appropriate immunoblots 

with porin as the loading control. Asterisk marks a non-specific band. D. SDS-PAGE (50 μg 

total protein per lane) of ScHAS-FLAG (Cox15-FLAG) monomers in Cox15 WT and the 

Q365A variant with porin as the loading control. Gels for SDS-PAGE in panels C and D 

were loaded with mitochondrial protein from the same types of cells shown in Figure 3C. 

The immunoblots shown in each panel of this figure are representative of three biological 

replicates.
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Figure 5. The E166A variant of ScHAS-FLAG (Cox15-FLAG) co-immunoprecipitates with 
Pet117-13Myc.
A-B. Immunoblots of SDS-PAGE gels showing the results of co-immunoprecipitation 

experiments probing for the interaction between chromosomally tagged Pet117-13Myc and 

the plasmid-borne E166A variant of ScHAS-FLAG [Cox15(E166A)-FLAG or E166-FLAG] 

(A) or WT ScHAS-FLAG (Cox15-FLAG) (B). Digitonin-solubilized mitochondrial lysates 

(500 μg total protein per experiment) were incubated with anti-Myc resin. After washing, 

proteins that were specifically bound to the resin were eluted with Laemmli buffer. Control 

experiments were performed using strains with unlabeled (WT) Pet117 to demonstrate that 

ScHAS-FLAG does not bind the anti-Myc resin in the absence of Pet117-13Myc. Blots show 

1% of mitochondrial lysates prior to (Load) and after (Unbound) the incubation with affinity 

resin, the whole fraction of protein precipitated from the final wash (Wash), and half of the 
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eluate (Bound). The immunoblots shown are representative of three biological replicates. IP, 
immunoprecipitation.
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Figure 6. Proposed mechanism of successive heme oxidation steps by HAS.
Oxygen activation may occur at heme b (outer-sphere electron transfer, not shown) or heme 

o (autoxidation, panels A-B), as previously proposed [43]. Either mechanism would likely 

require the displacement of a histidine ligand to allow O2 to bind. A. Oxidation of heme 

o to heme I. O2 activation leads to the formation of an Fe(IV)=O porphyrin cation radical 

(“compound I,” far left), which removes an electron from the C8 methyl group of heme o. 

This leads to the formation of a radical intermediate (a compound II-like species). The iron 

ion then removes another electron from the C8 radical, forming a carbocation intermediate 

that can be trapped by water to form heme I, a stable hydroxylated intermediate. B. 

In a second autoxidation step, heme I activates a second O2 molecule, forming another 

compound I-like species (far left). The oxidation process outlined above is repeated to form 

a geminal diol at C8, which readily dehydrates to form the aldehyde in heme a, the final 

product. The conserved glutamate positioned near the heme o binding site is proposed to 

stabilize the carbocation intermediates that form during both oxidation steps.
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Table 1:

HAS residues discussed in this study.

Location BsHAS1 (CtaA) 
residue

SoHAS2 (CtaA) 
residue

ScHAS3 (Cox15) 
residue

Predicted function References

Heme-binding site TM helix

N-terminal site 2 E57 E724 E1664 Carbocation stabilization This study

2 H60 H754 H169 Heme o ligand [55, 56, 59]

4 H123 H1344 H245 Heme o ligand [55, 56, 59]

C-terminal site 6 Q213 H2414 Q3654 This study

6 H216 H2444 H368 Heme b ligand [55, 56, 59]

8 H278 H3024 H431 Heme b ligand [55, 56, 59]

1
B. subtilis heme a synthase (type 1)

2
S. oneidensis heme a synthase (type 1)

3
S. cerevisiae heme a synthase (type 2)

4
Residues substituted in this study.
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Table 2.

Bacterial and yeast plasmids and strains used in this study.

Strain Description Source or reference

E. coli WM3064 thrB1004 pro thi rpsL hsdS lacZAM15 RP4–1360 Δ(araBAD)567 
ΔdapA 1341:: [erm pir]

William Metcalf, 
University of Illinois

S. oneidensis MR-1 WT strain [73]

S. cerevisiae DY5113 MATa, ade2-1, can1-100, leu2-3,112, ura3-1, trp1-1, his3-11,15 Dennis Winge, 
University of Utah

S. cerevisiae DY5113 cox15S MATa, ade2-1, can1-100, leu2-3,112, ura3-1, trp1-1, his3-11,15, 
cox15Δ::KanMX6

[46]

S. cerevisiae DY5113 Pet117::Myc MATa, ade2-1, can1-100, leu2-3,112, ura3-1, trp1-1, his3-11,15, 
PET117-Myc13:: TRP1

[45]

Plasmid Description Source or reference

pBAD So ctaA-V5-His6 pBAD with S. oneidensis ctaA-V5-His6; araBAD promoter This study

pBAD So ctaA-V5-His6 E72A pBAD So ctaA-V5-His6with E72A substitution This study

pBAD So ctaA-V5-His6 E72D pBAD So ctaA-V5-His6with E72D substitution This study

pBAD So ctaA-V5-His6 E72Q pBAD So ctaA-V5-His6with E72Q substitution This study

pBAD So ctaA-V5-His6 H241A pBAD So ctaA-V5-His6with H241A substitution This study

pBAD So ctaA-V5-His6 H241E pBAD So ctaA-V5-His6with H241E substitution This study

pBAD So ctaA-V5-His6H75A/H134A pBAD So ctaA-V5-His6with H75A/H134A substitutions This study

pBAD So ctaA-V5-His6H244A/H302A pBAD So ctaA-V5-His6with H244A/H302A substitutions This study

pBBR1 MCS3 Vector [74]

pBBR1-RBS So ctaB pBBR1-MCS3 with S. oneidensis ctaB preceded by a new RBS; lac 
promoter (constitutive expression in S. oneidensis)

This study

pRS426 Vector [75]

pRS426 COX15-FLAG pRS426 with S. cerevisiae COX15-FLAG; MET25 promoter, CYC1 
terminator

[57]

pRS426 COX15-FLAG E166A pRS426 COX15-FLAG with E166A substitution This study

pRS426 COX15-FLAG E166D pRS426 COX15-FLAG with E166D substitution This study

pRS426 COX15-FLAG Q365A pRS426 COX15-FLAG with Q365A substitution This study
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Table 3.

Hemes extracted from S. oneidensis cells expressing SoHAS-V5-His6 variants or S. cerevisiae mitochondria 

isolated from cells expressing ScHAS/Cox15-FLAG variants.

Sample Heme b (%) Heme o (%) Heme I (%) Heme a (%) n1

S. oneidensis MR-1 whole cell

 No plasmid 100 ± 0 — — — 5

 SoHOS2 100 ± 0 — — — 4

 SoHAS3 100 ± 0 — — — 3

 SoHOS SoHAS WT 96 ± 2 — — 4 ± 2 8

 SoHOS SoHAS E72A 92 ± 1 8 ± 1 — — 3

 SoHOS SoHAS E72D 90 ± 3 3 ± 3 5 ± 1 2 ± 1 4

 SoHOS SoHAS E72Q 88 ± 1 12 ± 1 — — 3

 SoHOS SoHAS H75A/H134A 94 ± 2 6 ± 2 — — 4

 SoHOS SoHAS H241A 96 ± 1 — — 4 ± 1 4

 SoHOS SoHAS H241E 96 ± 2 1 ± 2 4 3 ± 45 3

 SoHOS SoHAS H244A/H302A 100 ± 0 — — — 4

S. cerevisiae cox15Δ mitochondria

 ScHAS-FLAG6 WT 90 ± 4 — — 10 ± 4 3

 pRS426 empty vector 100 ± 0 — — — 2

 ScHAS-FLAG E166A 83 ± 7 17 ± 7 — — 2

 ScHAS-FLAG E166D 79 ± 2 21 ± 2 — — 2

 ScHAS-FLAG Q365A 97 ± 4 — — 3 ± 4 2

1
Number of biological replicates.

2
Plasmid-borne S. oneidensis heme o synthase (CtaB)

3
Plasmid-borne S. oneidensis heme a synthase (CtaA)

4
In one sample, a heme I peak was visible but too small to integrate.

5
In one sample, the heme a peak was visible but too small to integrate. This was the same sample where a small heme I peak was present. Doubling 

the injection volume for this sample revealed that the heme a peak area was greater than the heme I peak area. (The other two samples had heme a 
peaks large enough to integrate and no detectable heme I.)

6
Plasmid-borne S. cerevisiae heme a synthase (Cox15-FLAG)
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