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ABSTRACT: Heme A is an obligatory cofactor in all eukaryotic and many prokaryotic cytochromec oxidases.
The final step in heme A biosynthesis requires the oxidation of the C8 methyl substituent on pyrrole ring
D to an aldehyde, a reaction catalyzed by heme A synthase. To effect this transformation, heme A synthase
is proposed to utilize a heme B cofactor, oxidizing the substrate via successive monooxygenase reactions.
Consistent with this hypothesis, the activity of heme A synthase is found to be strictly dependent on
molecular oxygen. Surprisingly, when cells expressing heme A synthase were incubated with18O2, no
significant incorporation of label was observed in heme A, the C8 alcohol intermediate, or the C8
overoxidized byproduct. Conversely, when the cells were grown in H2

18O, partial labeling was observed
at every heme oxygen position. These results suggest that the oxygen on the heme A aldehyde is derived
from water. Although our data do not allow us to exclude the possibility of exchange with water inside
of the cell, the results seem to question a mechanism utilizing successive monooxygenase reactions and
support instead a mechanism of heme O oxidation via electron transfer.

Cytochromec oxidase (CcO)1 is the terminal oxidase in
all plants, animals, aerobic yeasts, and some bacteria (2-
6). Arguably the most important enzyme in aerobic metabo-
lism, CcO catalyzes the transfer of electrons from cytochrome
c to molecular oxygen. In reducing O2 to water, CcO also
pumps up to four protons (eight charge equivalents) across
the inner membrane of either mitochondria or bacteria, thus
producing a protonmotive force that is ultimately utilized to
synthesize ATP (7-12). In fact, the proton gradient generated
by CcO is responsible for approximately 50% of the ATP
formed during aerobic metabolism in mammals.

To accomplish this task, CcO utilizes a number of metal
cofactors including a zinc ion, a magnesium ion, three copper
ions, and two heme A molecules. The dinuclear CuA site
and one of the heme A cofactors are involved in electron
transfer. The second heme A molecule interacts with the
mononuclear copper ion (CuB) forming the heterobimetallic
active site that catalyzes O2 reduction. Thus, heme A is an
obligatory cofactor in all eukaryotic and many prokaryotic
CcOs.

The biosynthesis of heme A and its insertion into CcO
are complex processes that are only just being elucidated at
the molecular level. Heme A is derived from heme B via
two enzymatic reactions. The first reaction, catalyzed by
heme O synthase (HOS), results in the conversion of the
vinyl group on pyrrole ring A into a 17-hydroxyethylfarnesyl
moiety (Scheme 1) (13-16). In the second transformation,
heme A synthase (HAS) catalyzes the oxidation of the methyl
group on pyrrole ring D into an aldehyde (16-19). This
second reaction is especially intriguing for a number of
reasons. Not only is a formyl group an unusual end product
in biosynthetic processes, presumably due the reactive nature
of aldehydes, but HAS is itself proposed to be a heme-
containing enzyme, utilizing a heme B cofactor at the active
site (20).

A similar oxidation reaction occurs during chlorophyllb
biosynthesis when chlorophylla oxygenase (CAO) catalyzes
the oxidation of a methyl group on pyrrole ring B to an
aldehyde (21, 22). Unlike HAS, however, CAO is thought
to be a nonheme iron monooxygenase containing a
[2Fe-2S] Rieske center (23). CAO is proposed to utilize
successive monooxygenase steps, oxidizing the substrate first
to an alcohol and then to a geminal diol that dehydrates,
yielding the aldehyde product. Consistent with this hypoth-
esis, CAO has been shown to utilize the putative alcohol
intermediate as a substrate (24). Furthermore, careful18O2-
labeling studies have demonstrated that the oxygen atom of
the formyl group is derived from O2 (25), just as one would
predict from a nonheme iron monooxygenase.
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It has been proposed that heme A synthase utilizes a
similar mechanism to catalyze the oxidation of heme O to
heme A (18, 20, 26, 27). Characterization of bacterial HAS
identified both heme B and heme A in equal but sub-
stoichiometric amounts (20% each) (20). All of the iron
present in the sample could be accounted for by the hemes,
and no other redox-active metals were detected at meaningful
levels. From these data, it was concluded that heme B was
the cofactor and that heme A was unreleased product.
Furthermore, Tzagoloff and co-workers demonstrated that
HAS in Saccharomyces cereVisiaeandSchizosaccharomyces
pomberequires a ferredoxin and a ferredoxin reductase for
activity (19, 26). In fact, HAS inS. pombeis actually fused
to the ferredoxin. More recently, we observed two new heme
products formed when HOS and HAS fromBacillus subtilis
(CtaB and CtaA, respectively) are overexpressed inEscheri-
chia coli (27). We identified these new hemes as C8 alcohol
and C8 carboxylate derivatives of heme O, and we demon-
strated that HAS activity is strictly dependent on molecular
oxygen. All of these data are consistent with HAS utilizing
successive P450-like monooxygenase steps to oxidize heme
O to heme A.2 In this scenario, the C8 alcohol derivative is
the putative intermediate and the C8 carboxylate byproduct
results from further oxidation of the aldehyde. The cyto-
chromes P450 are well-known to oxidize aldehydes to the
corresponding carboxylates (28-30), and in this heterologous
system heme A may remain in the active site becauseE.
coli does not naturally produce or utilize heme A (5, 31).

If HAS utilizes successive monooxygenase steps, then the
source of oxygen in the product should be derived from O2

(32-34). Surprisingly, this isnot the case. Herein we
demonstrate that the dominant source of the oxygen atom
in these products is derived from H2O and not from O2.
Although exchange of the label within the cell cannot be
unequivocally ruled out, our results suggest that the proposed
mechanism of HAS needs to be reexamined.

EXPERIMENTAL PROCEDURES

Materials. The porphyrin standard iron(III) deuteropor-
phyrin IX chloride was obtained from Frontier Scientific
Porphyrin Products (Logan, UT).18O2 gas was purchased
from Isotec (Miamisburg, OH) in a pressurized cylinder or

received as a gift from Prof. Christine D. Keating (The
Pennsylvania State University) at atmospheric pressure.
H2

18O (95% purity) and NMR solvents were purchased from
Cambridge Isotopes Laboratories (Cambridge, MA). Se-
quencing was performed on an ABI 377 sequencer at the
University of Utah DNA Sequencing Core Facility. Plasmid
construction, cell growth conditions, chemical heme modi-
fication, chromatographic techniques, and heme analysis are
identical to those reported previously (27) unless noted
below.

Isolation of Heme A from BoVine Heart.Isolation of bulk
quantities of heme A was accomplished using a procedure
modified from Tuppy et al. (35). Four bovine hearts were
cleaned of excess fat, cut into small pieces, and passed twice
through an electric meat grinder. The meat was kept on ice
throughout these steps. The minced meat (6 kg) was
suspended with frequent shaking in 6 L of an 80%acetone/
5% concentrated HCl solution for at least 3 h at 4°C. The
slurry was filtered through cheesecloth and centrifuged at
5000g for 7 min. The filtrate was then diluted with
approximately one-fifth volume of water, and the hemes were
extracted using an equal volume of diethyl ether. The diethyl
ether was washed three times with a 5% NaCl solution, and
the hemes were then extracted into a 100 mM phosphate
buffer (pH 8.0). The pH of the buffer layer was lowered to
approximately 1-2 by the addition of HCl, causing some
of the hemes to precipitate. The hemes were reextracted into
diethyl ether, and the solution was diluted with CH3CN
containing 0.1% TFA (10 mL of CH3CN per 500 mL of
diethyl ether). The ether was removed via rotoevaporation,
and the residual CH3CN was diluted 1:1 with water. The
hemes were purified via HPLC as previously described (27).

NMR Spectroscopy of Reduced and Oxidized Heme A
Products.The chemically oxidized and reduced heme A
products were concentrated on a Waters Sep-Pack Vac SPE
cartridge (3 cm3) C18 column and eluted with a minimal
amount of DMSO. To remove nondeuterated solvent, the
heme solution was lyophilized, redissolved in 1-2 mL of
DMSO-d6, and relyophilized, and the process was repeated.
The final lyophilized product was dissolved in 300µL of
degassed pyridine-d5 under anaerobic conditions in a glove-
box. An excess amount of sodium dithionite, dissolved in
D2O, was added to each sample. The sample was microfuged
to pellet precipitated dithionite. To increase sensitivity, the
samples were analyzed in a Shigimi NMR tube matched to

2 The hemes in HAS are thought to be ligated by His residues, and
thus HAS is presumably not a true cytochrome P450.

Scheme 1: Transformation of Heme B to Heme A Catalyzed by the Enzymes Heme O Synthase (HOS) and Heme A Synthase
(HAS)a

a In B. subtilisHOS is denoted CtaB while HAS is denoted CtaA.
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D2O. The samples were analyzed on a Varian Inova 500
spectrometer run at 500 MHz with a 5 mmindirect detection
z-gradient probe. The1H NMR experiments were run using
a standard Varian 2 pulse sequence with a 90° pulse width
of 5.275 ms. HSQC experiments were performed using a
standard Varian gradient selected phase-sensitive HSQC
pulse sequence with a 90° pulse width of 5.275 ms. The
total experiment collection time for heme A and its deriva-
tives was∼50 h. The1JCH coupling for all three samples
was 140 Hz. Data were also collected for heme A with a
1JCH coupling of 160 Hz in order to maximize the signal
from the aldehyde proton and carbon.

Anaerobic Expression of ctaA.Cells were grown under
rigorously anaerobic conditions using standard Schlenk line
techniques as previously described (27). To measure the O2
dependence of protein biosynthesis and activity, aliquots of
anaerobic cell culture were removed at various time points
after induction and probed for heme levels (HPLC) and
expression of both CtaB and CtaA (western blot analysis).

Western Blot Analysis of Anaerobic Cells.Samples were
cannula-transferred from the growth flask to a septum-sealed
centrifuge tube filled with N2. The media were centrifuged
to harvest the cells, followed by the addition of 2× SDS
sample buffer. The samples were sonicated before being
loaded onto the gel. CtaB was visualized using a T7 tag
monoclonal antibody while CtaA was visualized using a
6× His tag monoclonal antibody (Novagen). To keep protein
loading consistent between aerobically grown and anaero-
bically grown cells, the amount of media harvested was
adjusted on the basis of the cell culture density as determined
by OD at 600 nm.

Analysis of 18O2 Incorporation into the Carboxylate
DeriVatiVe of Heme A.Cells expressing CtaA and CtaB were
grown anaerobically to an OD600 of approximately 0.2 (27).
One hour after anaerobic induction with IPTG, the growth
flask was evacuated until the media boiled and then back-
filled with either 16O2 or 18O2. The flask was shaken
vigorously for 10 min and placed in a N2-purged glovebag
for transfer into airtight 500 mL centrifuge bottles. The cells
were harvested at 3000g for 7 min. The pellet was resus-
pended under N2 in 1 mL of media and lysed with 2.5 mL
of 4% HCl/acetone. The solution was removed from the
glovebag, diluted to 5 mL with H2O, and centrifuged at
17000g for 10 min. The supernatant was then loaded onto
the HPLC to purify the carboxylate derivative for ESI-MS
analysis.

Analysis of18O2 Incorporation into the Alcohol DeriVatiVe
of Heme A.Cells expressing CtaA and CtaB were grown
anaerobically to an OD600 of approximately 0.2 (27). Im-
mediately following anaerobic induction with IPTG the
growth flask was treated with 1.0 mL of either16O2 or 18O2.
After 1 h of incubation, the media were poured into 500 mL
of 4% HCl/acetone. The solution was centrifuged at 4000g
for 15 min and the supernatant loaded onto a Waters Sep-
Pack Vac SPE cartridge (3 cm3) C18 column. The hemes
were eluted with 2 mL of DMSO, diluted with 3 mL of
water:acetonitrile (75:25), purified by HPLC, and analyzed
via ESI-MS.

Expression of CtaA in the Presence of H2
18O. Isotopically

labeled water (15 g, 95%) was used to dissolve 0.6 g of LB
powder with antibiotics and sterile filtered. An overnight
culture (0.5 mL) from unlabeled water was used to inoculate

the media by harvesting the cells, discarding the media, and
resuspending the cells in the new18O-labeled media. The
cells were grown in a 125 mL Erlenmeyer flask at 37°C
until the culture reached an OD600 of ∼1.0. Cells were then
induced for 1 h, harvested by centrifugation, and stored at
-80 °C. The hemes were isolated as described elsewhere.

Analysis of Heme Isotopic Data.Mass spectral data were
exported as XY data sets. The peak areas were integrated
across 0.2 amu and normalized. Interpretation of the actual
mass spectral data to determine the percent isotopic enrich-
ment of18O was accomplished by fitting the data with a linear
combination of actual and theoretical spectra based on natural
isotopic abundances. See Supporting Information for a
description, examples, and fittings.

Controls To Determine the Extent of Exchange during
Heme Isolation and Analysis.To determine the extent of
exchange during extraction,E. coli cells expressing both
HOS and HAS were grown in 250 mL of selective LB media
(H2

16O). The cells were induced with 250µL of IPTG (75
mg/mL) at an OD600 of 0.6. The cells were divided into two
125 mL aliquots and collected by centrifugation for 7 min
at 4000g. The cell pellet was resuspended in 2.5 mL of H2

18O
(10%) or H2

16O followed by the addition of 2.5 mL of a 4%
HCl/acetone solution. The extracted cellular debris was
pelleted by centrifugation (17000g for 5 min) and the
supernatant loaded on the HPLC. The hemes were collected
and analyzed via ESI-MS. The C8 alcohol intermediate
exhibited approximately 5% total exchange over all oxygen
atoms while heme A showed 10% total exchange over all
oxygen atoms. This suggests that approximately 5% of the
aldehyde oxygen exchanged during extraction. The amount
of the C8 carboxylate derivative obtained was not sufficient
to analyze in this manner. However, when the purified C8
carboxylate heme derivative was incubated in the extraction
mixture for 20 min (approximately two times longer than
normal extraction time),∼12% of the heme showed ex-
change of one18O atom.

To determine the extent of exchange during HPLC
analysis, heme A was chemically oxidized to the C8
carboxylate derivative and chemically reduced to the C8
alcohol derivative as previously described (27). The purified
heme derivatives were dissolved in DMSO, diluted 25-fold
with a 50:50 acetone:H218O (99%) solution containing 2%
HCl, and incubated for 24 h to induce partial exchange. A
comparison of the hemes by ESI-MS data before and after
HPLC purification indicated that approximately 10% of the
18O label on both the C8 carboxylate and C8 alcohol
derivatives was exchanged on the HPLC column. Heme A
was not analyzed in this way because essentially 100% of
the aldehyde on purified heme A exchanges under these
conditions; only unpurified heme A (presumably bound to
lipids) is afforded some protection against aldehyde ex-
change.

Heme Extraction with H218O. As a further control,E. coli
cells expressing both HOS (CtaB) and HAS (CtaA) were
grown in 250 mL of selective LB media (H216O). The cells
were grown to an OD600 of 0.6 and induced with 250µL of
IPTG (75 mg/mL). The cells were divided into two 125 mL
aliquots. After the cells were centrifuged at 4000g for 7 min,
the supernatant was discarded. The cell pellet was resus-
pended in 2.5 mL of H218O (35%). Then 2.5 mL of acetone
(4% concentrated HCl) was added to each aliquot. The cells
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were again centrifuged at 17000g for 5 min. The supernatant
of each sample was loaded on the HPLC, and heme A was
collected and analyzed by ESI-MS.

RESULTS

OVerexpression of CtaB (HOS) and CtaA (HAS) and
Product Analysis.The genes responsible for HOS and HAS
activity (ctaB andctaA, respectively) were cloned fromB.
subtilis and overexpressed inE. coli (27). When CtaB is
expressed singly, approximately 70% of the total extractable
heme inE. coli is present as heme O (Figure 1A). When
CtaB and CtaA are coexpressed, both heme O and heme A
are produced. In addition to heme O and heme A, however,
two previously unidentified hemes were also present. Neither
heme derivative was observed in the absence of HAS,
indicating that their presence is due to the expression of HAS.
On the basis of optical data and tandem mass spectrometry,
we proposed that these two new hemes were the C8 alcohol
and the C8 carboxylate derivatives of heme A. Furthermore,
reactions performed under nearly anaerobic conditions fol-
lowed by the addition of air demonstrated that the amount
of the alcohol derivative decreased as the levels of heme A
and the carboxylate derivative increased (Figure 1B). From
these data it was concluded that the C8 alcohol derivative is

the putative intermediate while the C8 carboxylate derivative
is overoxidized product.

A potential problem with the identification of the unknown
hemes is that the NMR spectra were not straightforward to
interpret. The1H NMR spectrum of heme A contained five
peaks from approximately 9.9 to 11.5 ppm. On the basis of
previous assignments (36), four of these peaks were assigned
to the bridgehead methines while the fifth (and farthest
downfield at 11.47 ppm) was assigned to the aldehyde
proton. The NMR spectra of the chemically generated alcohol
and carboxylate derivatives, the “authentic samples”, con-
tained only four proton peaks in that region, suggesting that
the reaction had indeed occurred at the aldehyde position.
Unfortunately, we could not unambiguously prove from the
1H NMR spectra alone that one of the methine positions had
not been altered instead of the aldehyde. This was especially
problematic in the case of the carboxylate derivative where
a putative methine peak at 11.43 ppm has an almost identical
chemical shift to the aldehyde proton in heme A.

To resolve this ambiguity, HSQC experiments were
performed on heme A and each derivative (see Supporting
Information for HSQC spectra). These spectra indicate that
the four protons assigned as methines in all three hemes are
bound to carbons with13C chemical shifts between 97.7 and
101.9 ppm, consistent with their assignment as methines
(Table 1). Furthermore, the proton in heme A at 11.47 ppm
correlates with a carbon at 185.5 ppm, indicative of an
aldehyde (37). This peak is absent in both the chemically
generated alcohol and carboxylate derivatives. All three of
the hemes also contain a triplet at approximately 6.6 ppm in
the 1H NMR spectrum that correlates to a carbon at∼68.5
ppm due to the alcohol on the 17-hydroxyethylfarnesyl
moiety. The chemically reduced derivative of heme A,
however, contains an additional benzylic-like alcohol (a
singlet at 6.27 ppm correlated with a carbon at 55.53 ppm;
see Figure S6), just as one would predict (37). Together,
these results provide verification that the initial assignments
of the authentic samples and the unknown hemes were
correct.

Expression of CtaB and CtaA under Anaerobic Conditions.
When CtaB and CtaA are expressed under nearly anaerobic
conditions, no heme A but small quantities of the C8 alcohol

FIGURE 1: Hemes isolated fromE. coli cells. (A) HPLC chromato-
grams of hemes from control cells (top), cells expressingctaB
(middle), or cells expressing bothctaB andctaA (bottom) grown
under aerobic conditions. Heme I was identified as the C8 alcohol
derivative of heme O, and heme II was identified as the C8
carboxylate derivative of heme O. (B) Hemes isolated fromE. coli
cells expressing bothctaB and ctaA and grown under nearly
anaerobic conditions.

Table 1: 1H-Correlated13C Chemical Shifts for Heme A and
Derivatives in Pyridine-d5

1H shifts (ppm) 13C shifts (ppm)

heme A
meso H- 10.94 100.75

10.54 99.89
10.39 101.38
9.88 97.76

-C(O)H 11.47 185.83
C8 alcohol

meso H- 10.65 99.95
10.35 99.18
10.30 98.36
10.03 98.04

-CH2OH 6.27 55.53
C8 carboxylate

meso H- 11.43 101.89
10.61 99.83
10.49 100.55
9.96 97.66

-COOH
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derivative are observed (Figure 1b), presumably due to low
levels of O2 contamination. In fact, the alcohol heme
derivative could be observed when less than 1 mL of O2

was present in a 1 L growth flask, indicating that CtaA is
exceedingly sensitive to the presence of O2. Given the role
of HAS in heme A biosynthesis and the maturation of
cytochromec oxidase, it is perhaps not surprising that CtaA
has a very high affinity for O2; cells cannot utilize O2 for
aerobic metabolism if their terminal oxidase is not assembled.
When these nearly anaerobic cells are exposed to atmospheric
O2, the levels of heme A and the overoxidized carboxylate
byproduct rise immediately as the amount of the C8 alcohol
derivative drops to undetectable levels, indicating that the
alcohol is a true intermediate on the pathway. While these
results are consistent with the hypothesis that CtaA requires
O2 for activity, it could also be argued that small quantities
of the alcohol derivative can be formed via an O2-
independent pathway and that O2 is only absolutely required
for the conversion of the alcohol intermediate into heme A.

To address these concerns, CtaB and CtaA were expressed
under rigorously anaerobic conditions. Cells were harvested
anaerobically at various time points and analyzed for heme
and protein content. Results from these experiments confirm
that neither heme A, nor the C8 alcohol intermediate, nor
the C8 carboxylate derivative is produced in the absence of
O2 (Figure 2A). Under these same conditions, however, CtaB
generates significant quantities of heme O, demonstrating
that the lack of CtaA activity is not due to a lack of the
heme O substrate.3 Once O2 is added to the system, however,
heme A is rapidly produced. Western blot analysis indicates

that the levels of CtaA and CtaB are similar under aerobic
and anaerobic conditions (Figure 2B). Thus, the lack of
oxidized products seen in anaerobic conditions is not due to
low expression or CtaA instability. Together, these results
conclusively demonstrate that CtaA activity is strictly de-
pendent on the presence of O2.

Biosynthesis of Heme A in the Presence of18O2. To
ascertain the source of the oxygen atom in the C8 aldehyde
of heme A, CtaA was expressed in the presence of18O2.
Figure 3 shows mass spectral analysis of heme A isolated
from cells incubated in either16O2 or 18O2. No incorporation
of 18O2 was observed in the heme A product. This result is
not particularly surprising, however, because aldehydes are
well-known to exchange with H2O. Thus, we also analyzed
18O2 incorporation into the C8 alcohol intermediate and the
C8 carboxylate derivative. Surprisingly, there was also
negligible incorporation of O2 into these heme products
(Figure 3).

One possible explanation for these results is that the18O
label is exchanging with water during heme isolation and
purification. To evaluate the extent of exchange, two separate
controls were performed. In the first control, hemes were
extracted from cells in the presence of H2

18O, HPLC purified,
and analyzed by ESI-MS. In the second control, chemically
generated, partially labeled hemes were HPLC purified and
analyzed by ESI-MS. These controls demonstrate that the
C8 alcohol and C8 carboxylate derivatives exhibit at most
∼30% total exchange of a single oxygen atom over five/six
possible positions during these two processes (see Supporting
Information). Together, these results highlight the fact that
we see negligible incorporation from O2 into our products
and that these observations cannot be explained by exchange
during analysis.

Biosynthesis of Heme A in the Presence of H2
18O. If O2 is

not incorporated into the aldehyde moiety of heme A, then
presumably H2O must be the source of the oxygen atom.
To test this theory,E. coli cells coexpressing CtaB and CtaA
were grown in H2

18O. Hemes from these cells were extracted,
purified via HPLC, and analyzed by mass spectrometry for
comparison to hemes isolated from cells grown in unlabeled
water (Figure 4). Unfortunately, only small quantities of C8
alcohol and C8 carboxylate heme derivatives could be
isolated in these experiments because of the scale of the
reaction. Because of partial18O incorporation at the pro-
pionate positions, all hemes exhibited an extensive isotopic
envelope. On the basis of the accepted mechanism of heme
O synthase, which incorporates a hydroxide during the
addition of the farnesyl moiety, we would predict that all of
the heme O molecules would incorporate one additional18O
atom compared to heme B. Clearly, this is not the case as
approximately 30% of the hemes contain no18O atoms. A
related result reported by Kreuzer-Martin et al. determined
that only 24% of the cellular oxygen inB. subtilisis derived
from water during mid-log phase (38). Nevertheless, under
our conditions at least 40% of the farnesyl oxygen atom is
derived from H2

18O (see Supporting Information).

3 Although coproporphyrinogen III oxidase and protoporphyrinogen
IX oxidase are strictly dependent on O2 for activity in eukaryotes, in
facultative anaerobes such asE. coli both coproporphyrinogen III and
protoporphyrinogen IX can be oxidized using alternative electron
acceptors (1).

FIGURE 2: (A) Relative amounts of C8 alcohol, heme A, and heme
O produced under anaerobic growth conditions. Time points were
taken 0, 30, 60, 70, 90, and 120 min after induction. The culture
was exposed to O2 immediately after the 60 min sample was
removed. No C8 alcohol was observed under these growth
conditions, and no heme A was observed prior to the addition of
O2. Identical cells that are never exposed to O2 produce no C8
alcohol intermediate or heme A even after 120 min (data not
shown). (B) The protein levels of HAS and HOS were checked by
western analysis as described in the Experimental Procedures after
1 h of anaerobic induction (-O2) and compared to a culture grown
in a shake flask (O2).
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Heme A was analyzed in a similar manner (Figure 4).
Significantly, a portion of the heme contained18O at all
positions, indicating that H218O was incorporated into the
aldehyde of heme A. This can also be seen by comparing
the percentage of heme molecules containing zero or one
18O atom. In the case of heme O, the ratio of zero
incorporation (838 amu) to one18O incorporation (840 amu)
is 1:1. In the case of heme A, however, this ratio (852:854
amu) has been shifted to 1:1.33, indicating additional18O

incorporation into heme A. Since heme A is derived directly
from heme O, this result can only occur if water has been
incorporated into C8 aldehyde position of heme A. Given
the acidic conditions utilized to extract the hemes, it is
surprising any label at all was observed at the aldehyde
position. It is possible that heme A may be bound to lipids
during extraction, providing partial protection from exchange.
While the mechanism of incorporation and the exact percent-
age of18O-label present prior to extraction/analysis can be

FIGURE 3: Mass spectral analysis of hemes isolated from cells grown under16O2 (top row) compared to hemes isolated from cells grown
under18O2 (bottom row).

FIGURE 4: Mass spectral analysis of hemes isolated from cells grown in H2
16O media (top row) compared to hemes isolated from cells

grown in H2
18O-labeled media (bottom row).
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debated, the key point is that no18O2 incorporation is
observed in any heme analyzed, and H2O is the dominant
source of the oxygen atom observed in the C8 aldehyde
position of heme A.

DISCUSSION

Our discovery that heme A incorporates oxygen from H2O
and not from O2 was unanticipated, given the current
paradigm that HAS utilizes consecutive P450-like monooxy-
genase reactions. Indeed, these results inevitably reopen the
question of what mechanism HAS actually utilizes. Based
on our new results, two different limiting possibilities can
be envisioned: (1) HAS utilizes successive monooxygenase
reactions, but there is total in vivo exchange of the18O label
with water prior to extraction, and (2) HAS utilizes a
peroxidase-like mechanism, oxidizing the C8 methyl group
via electron transfer. The merits of each limiting possibility
are discussed below.

Does the Label from18O2 Exchange with Water?As
discussed above, no O2 incorporation is observed in the
biosynthesis of the C8 alcohol intermediate, heme A, or the
overoxidized C8 carboxylate byproduct. At the same time,
however, incorporation from H2O is observed in heme A.
One possibility that could explain the data is that HAS
utilizes a P450-like mechanism but that compound I ex-
changes with water prior to reacting with the substrate.
“Compound I” generated from model systems is well-known
to exchange with solvent (39, 40), and compound II (the
one electron reduced form of compound I) has been shown
to exchange in a variety of peroxidases (41-44). To our
knowledge, however, compound I has never been shown to
exchange with solventin a natiVe protein (33). For these
reasons, we do not think it likely that the ferryl oxygen is
exchanging with solvent during the reaction.

A second possibility is that the hemes are exchanging in
the cells. Aldehydes are known to exchange with water, and
it is conceivable that heme A diffuses out of the active site
of HAS and exchanges prior to heme analysis. While
certainly feasible, this seems unlikely for a couple of reasons.
First, the aldehyde in chlorophyllb does not exchange in
vivo (25), indicating that, at least in chlorophyllb, the
aldehyde is protected from exchange during biosynthesis,
transport, and insertion. Second, our controls indicate that
even under acidic extraction conditions only a portion of the
heme A aldehyde exchanges, presumably because it is
protected by bound lipids. Thus, although the hemes will
exchange their oxygen label slowly with H2O, this does not
appear to be sufficient to explain the lack of18O label
observed in hemes isolated from cells grown in18O2.
Furthermore, even if in vivo exchange of the aldehyde were
occurring, it still would not explain the lack of O2 incorpora-
tion into the C8 alcohol intermediate.

Does HAS Utilize Outer-Sphere Electron Transfer?An
intriguing possibility is that HAS utilizes O2 to catalyze heme
O oxidation via outer-sphere electron transfer. In this scenario
(Scheme 2), compound I extracts an electron from heme O
followed by loss of a proton to generate compound II and a
carbon-based radical. A second electron transfer to compound
II results in a carbocation that is trapped by water to generate
the alcohol. Repeating the process would lead to the
aldehyde, similar to the oxidation of veratryl alcohol to
veratraldehyde catalyzed by lignin peroxidase (45, 46). The
distinguishing feature in this mechanism is that the oxygen
atom in the alcohol intermediate and the aldehyde product
is derived from H2O andnot O2. This reaction is essentially
the reverse of the “cooxidation” mechanism sometimes seen
in heme-containing peroxidases, whereby a substrate radical
is trapped by O2 (47, 48).

If HAS utilizes outer-sphere electron transfer like peroxi-
dases, it is reasonable to ask if HAS uses H2O2 as the oxidant.
A number of experimental observations argue strongly
against this scenario. The activity of HAS is strictly
dependent on O2, and while it is theoretically possible that
HAS utilizes H2O2 derived from O2, the sensitivity of HAS
toward O2 and the speed with which heme A is generated
upon the addition of O2 make this scenario exceedingly
unlikely. In addition, it would not be consistent with the
observation that HAS inS. pombeis fused to a required
ferredoxin (19). Thus, it appears that HAS utilizes O2 in the
catalytic cycle.

A question that remains unanswered, however, is whether
HAS utilizes a heme B cofactor to activate O2 and generate
compound I or whether HAS actually catalyzes the autoxi-
dation of heme O, with the heme B cofactor acting solely as
an electron transfer agent. Precedent exists for both pos-
sibilities. Peroxidases are obviously well-known to oxidize
substrates via outer-sphere electron transfer (45, 49-51), and
thus a heme B cofactor may very well be the site of O2

binding. At the same time, however, many mammalian
peroxidases and members of the CYP4A, CYP4B, and CYPF
classes of the cytochromes P450 undergo autoxidation,
ultimately leading to a heme-protein cross-link (52). In a
mechanism proposed by Ortiz de Montellano and co-workers,
the decay of compound I leads to the formation of a
carbocation on a methyl substituent of the porphyrin ring.
This carbocation is trapped by a nearby glutamate residue,
producing an ester cross-link (Scheme 3). If the glutamate
residue is mutated to an aspartate, the shorter side chain is
no longer able to cross-link to the porphyrin, and an alcohol
derivative of the heme is produced; experiments with H2

18O
confirmed that this oxygen atom is derived from water (53).
If HAS utilizes a similar mechanism to oxidize heme O to
heme A, then heme O is the site of O2 binding, and the role
of the heme B cofactor is limited to electron transfer.
Interestingly, this hypothesis would be consistent with the

Scheme 2: Possible Mechanism for the Oxidation of Heme O to Heme A via Outer-Sphere Electron Transfer
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observation that the heme B cofactor appears to be low spin
with bis-His axial ligation. Currently, however, our data do
not allow us to distinguish between these two different
mechanistic possibilities.

CONCLUSION

The results presented here demonstrate that the source of
the oxygen atom in the heme A aldehyde is derived largely
from H2O andnot from O2 despite the fact that HAS activity
is strictly dependent on O2. While we cannot conclusively
rule out the possibility of in vivo oxygen exchange, it would
appear that the standard mechanism proposed for heme A
biosynthesis, whereby HAS utilizes successive monooxyge-
nase reactions, needs to be reexamined. Our working model
is that HAS generates heme A from heme O via successive
electron transfer steps. Whether this mechanism entails
generation of compound I at the heme B cofactor followed
by outer-sphere electron transfer or whether it entails heme
O autoxidation remains to be determined. Research is
currently underway to elucidate further the details of this
intriguing mechanism.

SUPPORTING INFORMATION AVAILABLE

Figure S1 shows the basic structure of heme O, heme A,
the C8 alcohol derivative, and the C8 carboxylate derivative
as well as the labeling system for the carbon atoms. Figures
S2-S8 provide the raw data of the1H NMR and HSQC
spectra for heme A (S2-S4), the C8 alcohol intermediate
(S5, S6), and the overoxidized C8 carboxylate byproduct (S7,
S8). Also included are experimental details concerning the
control reactions, a thorough explanation of the calculations
utilized to determine the percentage of18O incorporation into
the various products, and key raw data. This material is
available free of charge via the Internet at http://pubs.acs.org.
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