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ABSTRACT. Heme A is an obligatory cofactor in all eukaryotic and many prokaryotic cytochmox@lase

(CcO) enzymes. Despite its obvious importance @DCGand the electron transport pathway, essentially
nothing is known concerning the regulation of heme A. Becaus® i€ the only natural target for heme

A and copper is also required forcO activity, it was postulated that copper might regulate heme A
homeostasis. Work reported previously demonstrated that there is often a strong connection between copper
and iron homeostasis in general, and circumstantial evidence pointed to a possible specific link between
copper and heme A. To address this question, we conducted experiments to determine rigorously whether
copper plays a role in heme A homeostasis. The two enzymes responsible for the conversion of heme B
to heme A, heme O synthase (HOS) and heme A synthase (HAS), were separately genomically epitope-
tagged inSaccharomyces cersiae and their expression under various copper conditions was quantified

by Western blot analysis. These results demonstrated that the sum of transcription, translation, and stability
of HOS and HAS were independent of copper. Additionally, the effects of intracellular copper concentrations
on the activity of HOS and HAS frorBacillus subtilis(expressed ifEscherichia coli andRhodobacter
sphaeroidesvere examined by analysis of cellular heme extracts. No trends with respect to intracellular
copper were observed. In combination, our results demonstrate that intracellular copper levels do not
affect the transcription, translation, stability, or activity of either HOS or HAS.

Cytochromec oxidase (€O)! is the terminal oxidase in  (HOS), results in the conversion of the vinyl group on pyrrole
all plants, animals, aerobic yeasts, and some bactéfia (  ring A into a 17-hydroxyethylfarnesyl moiety in generating
5). Catalyzing the reduction of molecular oxygen to water heme O (Scheme 112—15). In the second transformation,
concomitant with the pumping of protons across the mem- heme A synthase (HAS) oxidizes the methyl group on pyrrole
brane 6—11), CcO generates a proton gradient that is ring D of heme O into an aldehyde, thus generating heme A
responsible for approximately 50% of the ATP formed during (15—19). The proper trafficking and assembly of these redox-
aerobic metabolism in mammals. To accomplish this task, active metal cofactors in € is a complex process that
CcO requires a number of redox-active metal cofactors, requires a number of different gene products working in
including two hemes and three copper iord—4). A concert R0, 21).
dinuclear Cy site accepts electrons from cytochroroe
molecules and transfers them sequentially to the first heme,
which in turn transfers the electrons to the active site, a novel
heme-copper heterobimetallic center. Interestingly, the two
hemes contained within all eukaryoticcGs (and most
bacterial @Os) are not the typical B-type hemes (protohe-
mes); rather, they are derivatized hemes known as heme A. . . . .
Heme A is synthesized from heme B via two enzymatic eukaryotic systems, copper uptake is mediated by the high-

reactions. The first reaction, catalyzed by heme O synthase®"d low-affinity copper transporters Ctrl and Ctr3, respec-
tively (25, 26). Once inside the cell, copper ions are trafficked
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Copper is obviously an obligatory cofactor i@, as well
as in nearly 20 other mammalian enzym2g)( The copper
needs of the cell, however, must be carefully balanced against
its potential toxicity 22—24), and therefore, intricate ho-
meostatic mechanisms for regulating the cellular concentra-
tion and localization of copper ions within the cell exist. In
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Scheme 1: Transformation of Heme B to Heme A Catalyzed by the Enzymes Heme O Synthase and Heme A Synthase
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gene products in yeast, Cox193] and Cox23 84), have competency of the celbQ), and rich versus minimal media
recently been implicated in the trafficking or insertion of (51), do not affect the transcription of either HOS or HAS
copper into @O, although their precise function remains in Saccharomyces cersiae and different levels of control
unknown. Interestingly, a nuox23strain can be rescued must therefore be present. It has recently been proposed that
by overexpression of Cox17 and high copper, suggesting thatHOS is positively regulated by a product from HAS, and
Cox23 may act upstream of Cox134j. that HAS itself may be regulated by an assembly intermediate
Like copper, free heme is toxic to cell§, (35, 36), and  of CcO (52).
the synthesis, transport, and ultimate insertion of heme A |t has also been suggested that copper may provide an
into CcO must be carefully controlled. Surprisingly, despite additional layer of regulation in the heme A biosynthetic
the importance of heme A todD and the electron transport  pathway. A regulatory role for copper in heme A biosynthesis
pathway, much less is known concerning the homeostasiswould make intuitive sense because both copper and heme
of heme A. The genes encoding HOS and HAS acfivitlgre A are obligatory cofactors in €. Why should one
identified first in bacteriaX9, 37, 38) and later in eukaryotes  synthesize heme A, which is only utilized ircQ, if there
(12, 16), and we and others have obtained mechanistic s not sufficient copper present? In addition, copper and iron
information concerning these enzymas,(15, 17, 39-41). (and heme) homeostasis are known to be intertwined in a
In addition, we recently demonstrated that HOS and HAS yariety of ways. For example, iron deficiency in yeast leads
from bothR. sphaeroideandBacillus subtiliscopurify when  tg the induction of Atx1 and Ccc2, two copper transporters
expressed irEscherichia_col,i and that the activity of HOS responsible for delivering copper to Fet3, a multicopper
appears to be reduced in the presence of HAJ.(From  oxidase involved in iron uptakes®). It is also known that
these data, we proposed that HOS and HAS form athe deletion of the ALA synthase gene B cereisiae
physiologically reIevant complex in vivo, and that heme O (HEM1), the first gene in the heme biosynthetic pathway,
may be transferred directly between HOS and HAS. In this gisrupts transcription of both iron and copper uptake genes
scenario, either the conversion of heme O to heme A or the(54)_ Finally, recent work with Long-Evans Cinnamon rats
release of the heme A product would be the rate-determining(an animal model of the copper toxicity disorder Wilson’s

step, thus explaining the reduced activity of HOS in the gisease) demonstrated that these animals had abnormal heme
presence of HAS. Exactly how heme A is ultimately maanolism §5), providing further evidence for a link
transported to €O is not known. Very recent evidence from  panveen copper and heme levels.

R. sphaeroidesuggests that Surfl facilitates the insertion _ . . . .
There is also circumstantial evidence that copper might

of heme A into the hemes—Cug active site, although it ) ; S
has no influence on the f?élmchnter 3. g directly affect heme A levels. Mitochondria isolated from
S . . copper-deficient swine cells were shown to have substantially

Another intriguing aspect of heme A biosynthesis concerns | o 1avels of heme Ag6), while copper-deficient yeast

feg“"’?‘t"ﬁg the flux of heme thro_ugh the HOBAS pathway. . cells were shown to lack heme A completely (although heme

How is it that cells regulate this pathway such that there is B biosynthesis appeared to be norma})( Although this

?dequa}ti_, but r;oéggcess&vaﬁseme ,Ttava:jlleéblii?réllgbtlhz could partially be explained by heme A being degraded in

ranscription o an IS attered by an the absence of € (eukaryotic €O is often degraded in

strC gene products4@d—46), although it is not clear how . . .
. the absence of its copper cofactors), certas®@utants in
HOS and HAS are regulated once they are synthesized. InS_ cereisiae completely lacking Cox1 (the € subunit

eukaryotes, very little is known about the regulation of the L . X
i . X .~ containing the heme A cofactors) still contain some heme
heme A biosynthetic pathway. Obvious factors that one might ) )
) T . A (52). The presence of heme A in cells lacking Cox1 would
predict would affect the levels of proteins involved ic@ o . : .
seem to call this simplistic explanation into question,

biosynthesis, such as,@oncentrations47), fermentable potentially providing further support for a role for copper.

versus nonfermentable carbon sour 9), respirator . =
o855 69) P y Interestingly, the copper-deficient yeast cells accumulated a
heme-like product, proposed to be a heme A precursor, that
2In B. subtilisand many other bacteria, the genes encoding HOS disappeared when copper was returned to the growth media
and HAS are denotedtaB and ctaA respectively. INRR. sphaeroides and heme A production commencesl). More recently, it
as well as in all eukaryotes, the genes encoding HOS and HAS are . .. AT ’
denotedcox10andcox15 respectively. In this paper, we will use the Was shown irS. cereisiae that deficiencies in many of the

common names HOS and HAS to avoid confusion. proteins involved in mitochondrial copper transport and/or
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homeostasis lead to heme A deficiencies. For example,coli strain BL21(DE3) cells containing plasmids pLysS,
Ascol, Acox1l and Acox17mutants contain substantially pET3a-CtaB, and pET9a-CtaAl(Q). The effect of copper
lower heme A/heme B ratios than wild-type cel&9(58). on the total heme A biosynthetic pathway was studied by
Thus, there is substantial circumstantial evidence suggestingheme analysis of wild-typR. sphaeroidestrain 2.4.1 cells
that copper levels might be important in the regulation of (62) obtained from J. Hosler (University of Mississippi
heme A biosynthesis. Medical Center).

In this paper, we test the hypothesis that the heme A Preparation of MediaBacterial medium was prepared by
biosynthetic pathway is partially regulated by copper. Utiliz- dissolving 25 g of granulated Luria-Bertini (LB) media
ing HOS and HAS genes frof. subtilis R. sphaeroides ~ powder (Fischer Scientifichil L of water. Yeast peptone
andS. cereisiag, we demonstrate that copper does not affect (YP) medium was made by mixing 20 g of tryptone and 10
protein expression of either HOS or HAS, nor does copper g of yeast extract (Becton Dickinson) into 900 mL of water.
affect the activity or stability of these enzymes. Thus, despite Chelex-100 resin (20 g/L) was added to each solution, and
the earlier results described above, heme A biosynthesis musthe mixture was stirred gently for 2 h. The medium was

be regulated by some other mechanism. filtered from the Chelex-100 resin into an acid-washed flask.
The medium was autoclaved and allowed to cool. Either 100
EXPERIMENTAL PROCEDURES mL of a 20% glucose solution in sterile Chelex-treated water

) - (YPD) or 100 mL of 30% ethanol and 30% glycerol (YPEG)

Materials and General ProcedureSVater was purified  jn sterile Chelex-treated water was added to the sterile
through a Millipore system and used thro_ughout. To prepare cphelex-treated YP. Sistrom’s mediur3j was prepared
metal-free water, 50 g of Chelex-100 (Bio-Rad) resin were \yithout modification except using Chelex-treated water.
added o 1 L of water and the mixture was gently stirred High-purity metals were purchased from Alfa Aesar. A
overnight. The Chelex was removed by sterile filtration of 5000-fold stock solution was prepared by dissolving NiCl
the water into acid-washed flasks. Metal-free flasks were (41.6 mg), MnC4 (20.0 mg), FeGl(9.9 mg), and ZnGI(19.9
prepared by soaking them in an acid bath overnight. The mg) in 10 mL of Chelex-treated water in an acid-washed

outside surfaces of the flasks were thoroughly rinsed using fjask. The metals were returned to the media by adding 200
deionized water, while the inside surfaces of the flasks Were#L of the stock mixtured 1 L of media. High-purity CaGl

rinsed with Chelex-treated water. The acid-washed flasks (10 mg) and MgGl (100 mg) were added directly to the
were autoclaved before they were used. Ampicillin and hedia. An 8 mM stock of CuSQwas made by dissolving
kanamycin were prepared using sterile Chelex-treated watery7 g mg in 10 mL of Chelex-treated water. Copper was
and used at final concentrations of 50 and 30 mg/L, retyrned to the media at various concentrations by adding
respectively. Isopropy$-b-1-thiogalactopyranoside (IPTG) = ifferent volumes from the CuSGstock solution to final
was prepared with sterile Chelex-treated water and used at,gncentrations of 8, 2, 0.5, and 0.1281. No CuSQ was
afinal concentration of 75 mg/L to induce protein production et,rned to the “No Copper” flask. In addition to the absence

in E. coli _ of CuSQ, the “BCS” flask also contained the copper-specific
Cell Strains The HOS and HAS genesdx10andcox15 chelator BCS (Sigma) at a final concentration of 104.
respectively) fronS. cereisiaewere genomically modified Cellular Growth Conditions Appropriate cell cultures

at the C-terminus via homologous recombination to expresswere grown in No Copper conditions to stationary phase.
the TAP tag and the c-Myc epitope tag, respectively, and The overnight culture was used to inoculate 50 mL cultures
were used to test the effect of copper on the expression ancof Chelex-treated media (1/50) containing varying concentra-
stability of HOS and HAS. The TAP tag containing filBP1  tions of copper. At an optical density of 0.6 at 600 nm

marker was amplified from pBS14789) using the forward  (ODgoq) measured on a Hewlett-Packard 8453 spectropho-
PCR primer 5GATTGGATATATCCTGGTGAAGCAA- tometer, theE. coli cells were induced fol h with IPTG at

AGCGACCACAGGAACGATTTTCCATGGAAAAGA- a concentration of 75 mg/IS. cereisaestrains were grown
GAAG-3' and the reverse primer -BTTTAAATAT- until the ODyoWas between 1.3 and 18. sphaeroidewere
TTATTTACAAGATTAATGACTGCCCTTTAAGC- grown in either Sistrom’s medium or LB medium until the
GTTGTCTCTACGACTCACTATAGGG-3for addition to ODsgowas between 1.0 and 1.R (sphaeroidesells grown

the HOS gene. The c-Myc epitope tag containingTRP1  in LB yielded considerably more heme for analysis, and
marker was cloned from pFA6a-13Myc-TRR8DJ obtained  therefore, most studies reported here used LB as the

from D. Stillman (University of Utah) using the forward PCR  medium). The cells were collected in 50 mL centrifuge tubes
primer  3-AATTTTAAGTGAAGCGTCGAAGTTAGC- that had been previously soakedda 1 mMMEDTA (Acros)

CTCGAAACCATTACGGATCCCCGGGTTAATTAA-3and solution to remove trace amounts of metals. The cell pellets
5'-GCGAGTATACTGTCAATTCTCATAAGAATACC- were washed in a 0.25 M sucrose (Mallinckrodt) solution
TTTATCCAGAATTCGAGCTCGTTTAAAC-3 as the re-  prepared from Chelex-treated water. Inductively coupled
verse primer. Homologous recombination was performed plasma (ICP) spectroscopy was performed to ascertain the
using PEG 4000 (Avocado Research Chemicals) and lithium metal content of the cells.
acetate (Alfa Aesar) as previously describ&d)( Proper Metal Analysisvia ICP. The cell pellet from 50 mL of
insertion of the epitope tag was confirmed with diagnostic culture was resuspended in 1 mL of a 0.25 M sucrose
PCR and DNA sequencing performed on an ABI 377 solution. The resuspended cells (180) were digested in
sequencer at the University of Utah’s DNA Sequencing Core sealed Eppendorf tubes at 98 in 150 uL of metal-free
Facility. 40% nitric acid (Optima) for 1 h. The samples were then
To test the effect of copper on enzyme activity, HOS and diluted to 0.6 mL with double-distilled water for analysis
HAS from B. subtiliswere recombinantly expressed kh on a PerkinElmer Optima 3100-XL inductively coupled
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plasma-optical electronic spectrophotometer (ICP-OES).
Commercially available mixed-metal standards were used
to construct a standard curve. Blanks of nitric acid or sample
buffer were also digested for comparison as controls.

Heme Extraction and Analysi€ell pellets (50 mL culture
from E. coli and R. sphaeroidgswere resuspended in 0.5
mL of 30 mM Tris buffer (pH 8.0) containing 10 mM EDTA
and 20% sucrose. The hemes from 2@0 of the cell
resuspension were extracted with 600 of a 5% HCI/
acetone mixture followed by sonication treatment. An
additional 20QuL of Tris buffer was added to the extraction
mixture before clarification by centrifugation. The superna-
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FiGure 1: Western blot analysis of yeast mitochondriau of

total protein per lane) grown in various medium copper concentra-
tions with 2% glucose as the fermentable carbon source (YPD).
HAS (A) and HOS (B) were probed by primary antibodies against

tant was analyzed by reverse-phase HPLC to determine thethe c-Myc and TAP epitopes, respectively. Porin was probed in
total heme composition. Hemes were separated and analyze@ach blot as a loading control. The numbers in each row represent

on a Waters HPLC system equipped with a 600 Delta Pack
pump and a model 996 photodiode array detector as
described previously4(Q).

Mitochondrial Isolation Mitochondria were isolated from
S. cereisae grown to an Olgy between 1.3 and 1.5. The
cell pellet was resuspended in SHP buffer [0.6 M sorbitol,
30 mM HEPES (pH 7.4), and 1 mM phenylmethanesulfonyl
fluoride (PMSF)] at a concentration of 2 mL/g of wet cell
pellet. Approximately 50Q:L of glass beads were added.
The cell suspension was vortexed rapidly three times for 30
s. The broken cells were centrifuged for 5 min at ¢00

repeatedly until no pellet appeared. The supernatant was

removed and centrifuged at 18@PGor 10 min. The
mitochondrial pellet was resuspended in fresh SHP buffer
at 20ul/g of original wet cell pellet.

Western AnalysisS. cereisae mitochondrial proteins (5
ug) were analyzed by Western analysis. In short, proteins
were separated via 12% SBBAGE, transferred to a
nitrocellulose membrane (Bio-Rad), and probed using a
mouse monoclonal antibody against the c-Myc epitope tag
on Cox15 (Molecular Probes) or a rabbit monoclonal
antibody against the TAP tag on Cox10 (Novagen) as the
primary probes. Mitochondrial porin was probed with a
mouse monoclonal porin antibody (Molecular Probes). The

the micromolar concentration of copper in the growth media, while
“No Cu” represents the addition of no copper. “BCS” represents
the addition of 100uM copper chelator BCS to the media in
addition to the absence of added copper.
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FIGURE 2: Western analysis of yeast mitochondriau@® of total
protein) grown in various medium copper concentrations with 3%
ethanol and 3% glycerol as the nonfermentable carbon sources
(YPEG). HAS (A) and HOS (B) were probed by primary antibodies
against the c-Myc and TAP epitopes, respectively. Porin was probed
in each blot as a loading control. The numbers in each row represent
the micromolar concentration of copper in the growth media. Note
thatS. cereisiaecells do not grow in Chelex-treated YPEG in the
absence of added copper.

RESULTS

Western Analysis of HAS and HOS from S. eisiae. To
ascertain the effect of intracellular copper concentration on

secondary antibody was a goat anti-mouse or goat anti-rabbithe protein levels of HOS and HAS, cereisiae cells that
alkaline phosphatase-conjugated antibody (Southern Bio-Ccontained either HOS ¢x1Q or HAS (cox19 genomically
technology Associates). Nitrocellulose membranes were then€Pitope-tagged were subjected to Western analysis. The cells

treated with ECF (Amersham) chemoluminescent substrate,

and images were recorded on a Typhoon 9400 Variable
Model Imager using ImageQuant 5.2 (Amersham).

Activity of CcO from S. cermdsiae and R. sphaeroides.
Activity assays were performed usir§§) cereisiae mito-
chondria or purifiedR. sphaeroidesmembrane extracts
obtained by differential centrifugation. To obtain membrane
fragments, a 50 mL culture &. sphaeroidewas centrifuged
for 5 min at 700Q and resuspended in 50 mL of 50 mM
K,HPO, (pH 7.2) and 1 mM EDTA. The cells were passed
three times through a French press (26@600 psi). The
mixture was then centrifuged at 20@Pfr 20 min, and the
supernatant was collected and centrifuged for an additional
90 min at 166006. The membrane pellet was then resus-
pended in 0.5 mL of 50 mM BHPO, (pH 7.2) and 1 mM
EDTA. The enzyme activity of 80 was determined by
monitoring the oxidation of cytochrome at 550 nm
according to a literature procedur@4j.

were grown in YPD or YPEG medium with varying amounts
of copper for approximately 40 h (QR = 1.3—1.5) before
isolation of the mitochondria. The levels of HOS and HAS
were determined by subjecting the mitochondrial proteins
to SDS-PAGE and Western analysis, probing for either the
TAP (HOS) or c-Myc (HAS) epitope tags. Mitochondrial
porin was used as a loading control.

The results for these experiments are shown in Figures 1
and 2. The samples in the first lane of Figure 1 are from
yeast cells that were grown in glucose with no copper added
to the Chelex-treated media and in the presence of the copper
chelator BCS, while the samples in the second lane contained
mitochondria from cells that were also grown without added
copper but in the absence of BCS. Subsequent lanes
contained mitochondrial proteins obtained from cells grown
in Chelex-treated media supplemented with increasing copper
concentrations of 0.125, 0.5, 2.0, and 8M, respectively.
These copper concentrations span a large range that is both
well above and well below the value of 0.48/ found in
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FiGURE 3: Estimated number of nanomoles of copper ions per Time (min)
milligram of S. cereisiaecell pellet as determined by ICP analysis )
from a total of two trials. Cells were grown in media containing B 5E:m o Hems
various amounts of copper. “No Cu” medium was Chelex-treated L B Heme O
to remove the metals, while “BCS” medium was Chelex-treated
and had the copper chelator BCS added. The error bars denote one 1.0
standard deviation.
our YP medium as determined by ICP (data not shosn). 0.6
cerevisiae cells grown in media containing glucose as the
carbon source have essentially identical levels of HOS and
, X 0.2
HAS regardless of the copper concentration of the media.
Likewise, when the yeast cells were grown in ethanol and T TS
glycerol as the carbon sources (Figure 2), the levels of HOS <& eoo % 0<p~> P S
and HAS were again independent of copper concentrations o

from 0.125 to 8.QuM. As expected, yeast cells incubated in  Ficure 4: Heme analysis frork. coli cells. (A) HPLC chromato-
the absence of added copper are not able to grow on YPEGgrams of hemes extracted frdfn coli. TheE. coli cells were grown

(ethanol and glycerol are nonfermentable carbon sources)With various concentrations of copper in the media. *No Cu”
because of the requirement of copper for respiration medium was Chelex-treated to remove the metals, while the “BCS

i ) ) medium was Chelex-treated and had the copper chelator BCS added.
To verify that intracellular copper concentrations correlated Heme | and heme 11 were identified as the C8 alcohol derivative

with the copper concentrations of the growth media, metal of heme O and the C8 carboxylate derivative of heme O,
analysis of whole cells was performed by ICP. These results respectively 40). HPLC retention times were normalized to heme

; P, ; : B; actual retention times varied due to slight variations in column
(Figure 3) indicated that there is essentially no copper conditions. (B) The average variability of the heme production in

observed in yeast cells grown in 9“_10053 in the a_bsence Oofg. coli as a function of the copper concentration is reported. A
added copper, and that the increase in growth medium coppekalue of 1.0 denotes a situation where the percentage of a particular

concentration was mirrored by a corresponding increase inheme isolated from cells grown at a specific copper concentration

intracellular copper levels [see the Supporting Information 'S 'de”“tcat'.to th.attf]a?“e htemle 'SO'a\tA‘ft?] fro{“me Otherg“’e Copner
; ; . o concentrations in that particular growth set. The error bars denote

for ICP ,re_su'ts of iron and ng (Figure S1)]. In addition, one standard deviation from a total of four trials.

CcO activity was used as an indirect measurement of copper

availability in the mitochondria. These results (Figure S4) marizes these data along with the data from three additional
are consistent with total intracellular copper levels. and independent experiments. Because heme levels vary from
Activity of HOS and HAS Expressed in E. cdlo ascertain  growth set to growth set due to slight differences in induction
whether copper directly interacts with either HOS or HAS times, etc., we report the average variability (or deviation
to affect activity, HOS and HAS were cloned frdnsubtilis  from the arithmetic mean) of heme levels within individual
and expressed i&. coli. HOS and HAS were coexpressed growth sets. Each growth set consists of one cellular growth
in E. colion the IPTG-inducible plasmids pET3a and pET9a, at each of the six copper concentrations from the same
respectively. One hour after induction, the cells were overnight culture and harvested on the same day. All values
harvested, and the intracellular heme levels were analyzedwere calculated as a percentage of the total hemes. A
by HPLC as described in Experimental Procedures. The variability of 1.0 indicates no difference in heme levels with
resulting chromatograms (Figure 4A) reveal the presence ofvarying copper conditions within a particular set. The
heme B, heme A, heme O, and two other hemes that coelutecolumns represent the average of the variabilities of the
denoted | and Il. Recently, we determined that the formation hemes found in the four different growth sets, and the error
of heme | and heme Il is dependent on HAS, and we bars denote the standard deviation. Once again, ICP data
identified these previously unknown hemes as the C8 alcoholconfirm that the intracellular copper content mirrors the
and C8 carboxylate derivatives of heme O, respectivy.(  copper concentration of the media, and that cells grown
Our results reveal that copper has no direct effect on the without added copper in the presence of BCS contain
activity of either HOS or HAS. As shown in Figure 4A, there essentially no copper (Figure 5).
is no effect on the relative amounts of heme I/ll, heme A,  Analysis of Heme from Wild-Type R. sphaeroidés
or heme O observed when the cells were grown under examine the effect of copper on the total regulation of HOS
varying copper conditions (note that retention times and peakand HAS under native conditions, wild-tyfpe sphaeroides
areas have been normalized to heme B). Figure 4B sum-2.4.1 was grown under a variety of copper conditions in LB.
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Ficure 5: Estimated number of hanomoles of copper ions per
milligram of E. coli cell pellet as determined by ICP analysis. Cells FiGure 7: Estimated number of nanomoles of copper ions per
were grown in media containing various amounts of copper. “No milligram of R. sphaeroidesells as determined by ICP analysis.
Cu” medium was Chelex-treated to remove the metals, while “BCS” Cells were grown in media containing various amounts of copper.
medium was Chelex-treated and had the copper chelator BCS added:No Cu” medium was Chelex-treated to remove the metals, while
The error bars denote one standard deviation from a total of four “BCS” medium was Chelex-treated and had the copper chelator
trials. BCS added. The error bars denote one standard deviation from a
total of four trials.

A

L /ﬂ E E derivative_s_of heme O are_undetectable. _This, h0\_/vever, is

_,\/JL% o not surprising because neither heme A intermediates nor
E \ 8.0 pM overoxidized products are expected to accumulate to any
g # . significant extent when HOS and HAS are expressed in their
Q 2.0 uM . :
> natural organism and under native control. As a result, only
< s ‘} 0.5 UM the heme A and heme B peaks could be accurately quantified
£ ﬂ_mﬂ N (Figure 6B). Consistent with the coexpression of HOS and
2 \,J 0.125 uM HAS from B. subtilisin E. coli, the copper concentration of

. * No Cu the media had no effect on the accumulation of heme A in

‘ R. sphaeroides

. I I Control experiments were again performed to verify the

20 30 40 i is (Fi
Time (min) expected intracellular copper levels. ICP analysis (Figure 7)

confirmed that cells grown in a copper-starved state (i.e., in
the presence of the copper chelator BCS) contained very little
intracellular copper. In addition, we measureddCactivity

on isolated membrane extracts frdg sphaeroidegrown
under varying copper conditions (Figure S5 of the Supporting
Information). As expected, there was essentially reOC
activity observed in cells grown in LB in the absence of
copper® Together, the results fromR. sphaeroidemndicate
that copper is not involved in any aspect of heme A
biosynthesis or regulation.

& 000 R ® %s\ DISCUSSION
s Qg(f’ ? v Despite the obvious and critical importance of heme A to

FIGURE 6: Heme A analysis fronR. sphaeroidesells. (A) HPLC both G:0 and t_he .eleCtron trans_port pathway_, very little is
chromatograms of hemes extracted frensphaeroidesThe cells ~ KNOWN concerning its homeostasis. It was previously reported
were grown with various concentrations of copper in the media. that HOS and HAS transcription levels $1 cereisiae are

“No Cu” medium was Chelex-treated to remove the metals, while not altered by any of the obvious conditions that affect the
;Bgss’;(%ee(gump"l‘%s rgtf;en't‘?g:f?%t:g ag?ehﬁgréh:l, ng?grhg;séatgf transcription of many of the other respiratory gendg—(

. ion ti w iz ; : - -

actual retention times varied due to slight variations in column 51). We mvestl_gated copper as a potential reg.l'”ator for hem_e
conditions. (B) The average variability of heme A production in A homeostasis because both are essential cofactors in
R. sphaeroideas a function of the copper concentration is reported. eukaryotic @O, and because copper and iron (and heme)

A value of 1.0 denotes a situation where the percentage of heme Alevels appear to be linked in a number of different processes
isolated from cells grown at a specific copper concentration is (39 53-55 57, 58).

identical to the percentage of heme A isolated from the other five = . . o L . .
copper concentrations in that particular growth set. The error bars At first glance, two early in vitro studies seemed to indicate

denote one standard deviation from a total of four trials. that copper was not required for the activity of either HOS
(14) or HAS (18). In both of these studies, membrane

Hemes were extracted from cells and analyzed by HPLC as

described for thé. coli growths. Inspection of Figure 6A 8 Additional CcO activity assays performed on isolated membrane

reveals the presence of heme B and heme A, as well as Veryeyiracts fromR. sphaeroideggrown in Sistrom’s medium yielded

small amounts of heme O. Both the alcohol and carboxylate essentially identical results (data not shown).
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fragments ofE. coli cells overexpressing either HOS (from of copper conditions. There are a number of features that
E. coli) or HAS (from Bacillus stearothermophilysvere makeR. sphaeroideaniquely suited to address this question.
incubated with the appropriate substrates to generate hemd&he catalytic subunits of € in R. sphaeroidesre very
O and heme A, respectively, thus unambiguously establishingsimilar in sequence and structure to mitochondrieD@66—
the role of each enzyme. Although additional copper was 68), andR. sphaeroides a member of thet subdivision of
not needed for enzyme activity in these in vitro assays, it proteobacteria from which mitochondria are thought to have
was present in the initial growth mediuhTherefore, it is evolved. Therefore, what we learn about heme A biosynthesis
theoretically possible that HOS and HAS contained copper and regulation irR. sphaeroidesnay very well be relevant
during these in vitro assays. In another study, Svensson ando higher organisms. In addition, unlikecO obtained from
Hederstedt reported only trace levels of copper in purified S. cereisiag CcO from R. sphaeroidess stable (but
HAS from B. subtilis although the enzyme was not reported obviously not active) in the absence of either hemeb9) (
to be active §5). It should also be noted that these studies or Cus (30). Due to the stability of subunit | in the absence
do not address whether copper affects the transcription,of its metal cofactors, any variation in the heme A level
translation, or in vivo stability of either HOS or HAS. Our cannot be attributable to the absence of subunit I, and must
objective was to test specifically and rigorously the potential therefore result from the direct or indirect regulation by
importance of copper in heme A homeostasis, thus expandingcopper. Significantly, Figure 6 clearly indicates that heme
on these important early works. A is present at normal levels even in the complete absence
To test the hypothesis that copper modulates HOS and/orof copper. This is a key result because HOS and HAS are
HAS levels,S. cereisiae cells were grown under a variety being expressed in their natural organism under native
of copper concentrations. The quantity of genomically control. Therefore, unlike the experimentsEncolithat only
epitope-tagged HOS and HAS present in the yeast mito- probed the direct effect of copper on HOS and HAS, the
chondria when the genes were under native control wasexperiments inR. sphaeroidesndicated additionally that
determined by Western blot analysis. These experimentsthere are no other proteins in the heme A biosynthetic
examine copper’'s cumulative effect on HOS and HAS pathway (e.g., a ferredoxin to HAS or a previously unidenti-
transcription, translation, and stability. As shown in Figures fied regulatory protein) that are affected by copper. Taken
1 and 2, no discernible trend was detected in our Westerntogether, our results iR. sphaeroidendicate that copper
analysis. Although it is theoretically possible that two or more does not affect the transcription, translation, activity, or
processes could be altered by copper with equal but oppositestability of either HOS or HAS.

effects, this seems to be exceedingly unlikely, and MRNA  ope possible explanation for our results is that the
levels were therefore not independently probed. Thus, thesejntracellular copper concentrations were not adequately
results suggest that copper does not act as a regulator of eithegontrolled. It is well-known that copper is very difficult to
transcription or translation, nor _does copper altgr the stapility remove completely from aqueous solutions, and that micro-
of HOS or HAS. Because this experiment is examining organisms can concentrate any residual copper found in the
protein levels, it does not address HOS and HAS activity. media and/or glassware. Several controls were designed and
Unfortunately, both the G subunits and the heme cofactors  jmplemented to ensure that copper was actually controlled
are present at very low levels in the absence of copp&tin a5 e intended. All water and growth media were treated
cerevisiag, and it would therefore be difficult to ascertain \yith Chelex-100 resin to remove divalent metal ions as
whether a decrease in the level of heme A was a direct resultyescribed in Experimental Procedures. In addition, all of the
of a low level of copper, or an indirect result of poor subunit glassware was acid-washed and rinsed with Chelex-treated
assembly. water prior to use. ICP metal analysis $f cereisiae, E.

To examine directly the effect of copper on the activity ¢oli, andR. sphaeroideéFigures 3, 5, and 7) confirmed that
of HOS and HAS, we heterologously expressed HOS and the intracellular copper concentrations were at appropriate
HAS from B. subtilisin E. coli. This allowed us both to levels® In addition, @O activity assays performed oB.
increase protein levels and to remove native transcriptional cgrgjisiae mitochondria andR. sphaeroidesnembranes
and translational control. It should be noted that this gptained from cells grown under rigorously copper-starved
experiment could not be performed using the analogous genegonditions revealed considerably lessdCactivity compared
from S. cereisiae because expression of yeast HASHN {5 samples obtained from copper-replete cells (Figures S4
coli led to an inactive protein. As shown in Figure 4, and S5 of the Supporting Information), thus corroborating
changing the intracellular copper concentrations did not alter the |CP results. Under these same conditions, however, HAS
the ratiOS Of the heme prOdUCtS as determined by HPLC. ThiSand heme A were detected at norma' |eve|s (Figures 1 and
result strongly suggests that copper does not have any direck) These results further support our conclusion that copper

role in the activity of prokaryotic HOS and HAS. Because s not involved in the regulation of the heme A biosynthetic
the proteins were heterologously expressed under non-nativeyathway.
control, however, this experiment cannot detect any effect
that copper might have on other proteins involved in heme
A biosynthesis. 5 Simply adding large concentrations of the copper chelator BCS to
- . . . growth media that had not been treated with Chelex-100 yielded cells
To assess the possibility that copper might be involved in 4t contained intracellular copper concentrations identical to those of
some other unidentified control mechanism of heme A cells grown under normal growth conditions. In fact, using Millipore-
homeostasisR. sphaeroidesells were grown under a variety  purified water in lieu of Chelex-treated water to rinse the acid-washed
glassware also resulted in cells with moderate residual intracellular
copper concentrations and allow&d cereisiae to grow in Chelex-
4HOS required the addition of either ¥igor C&* to obtain maximal treated YPEG (albeit slowly) in the absence of added copper (data not
activity; the addition of CuS@alone yielded minimal activity. shown).
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with heme flux being controlled by product release. Very

recently, it was shown that Surflp is important for the grown at a variety of copper concentrations. Figures S4 and

insertion O,f heme into the hemag—CuB S'te, @3). The fact S5 provide the @0 activity data from isolate®. cereisiae
that @O in surfl deletion strains contained completely ii5chondria andR. sphaeroidemembranes, respectively,

occupied low-spin hemasites ¢3), however, argues against  ghtained from cells grown under two different copper

a role for Surfl in heme A regulation, although this does ¢ongitions. This material is available free of charge via the
not rule out the possibility that the release of heme A to |nternet at http:/pubs.acs.org.

some other protein might regulate the biosynthetic pathway.
Alternatively, the fact that the presence of HAS alters the REFERENCES
activity of HOS @2) is also consistent with regulation

Figures StS3 show the intracellular levels of iron and
zincinS. cereisiag E. coli, andR. sphaeroidesespectively,

1. Gar¢a-Horsman, J. A., Barquera, B., Rumbley, J., Ma, J., and

occurring via feedback inhibition, with a product of HAS Gennis, R. B. (1994) The Superfamily of Heme-Copper Respira-
inhibiting HOS. tory Oxidases,). Bacteriol. 176 55875600.
2. Ferguson-Miller, S., and Babcock, G. T. (1996) Heme/Copper
Another possible mode of heme A regulation involves Terminal OxidasesChem. Re. 96, 2889-2907.

CcO, the only natural target of heme A. Barros et al. observed 3. Michel, H., Behr, J., Harrenga, A., and Kannt, A. (1998)
Cytochromec Oxidase: Structure and Spectroscopypnu. Re.

that mostS. cereisiae mutants deficient in €0 assembly Biophys. Biomol. Struct. 2829-356.
have significantly less heme A than the corresponding 4. Abramson, J., Shimamura, T., and Iwata, S. (2004) Structures of
parental strain §2). They proposed that the most likely Bacterial Heme-Copper Oxidases Respiration in Archaea and

explanation for these data is that heme A biosynthesis is (Bza;rt]ﬁgﬁ:i B'.”elrzs(;t})' SLPlrfgfgéonﬁlEﬁg%é@;fg%ggﬁgﬁ

positively regulated by either an assembly intermediate or a Dordrecht, The Netherlands.
specific subunit of €0. This could also explain the apparent 5. Thany-Meyer, L. (1997) Biogenesis of Respiratory Cytochromes

. . in Bacteria,Microbiol. Mol. Biol. Rev. 61, 337—376.
.CorreIaFlon between copper and heme A Igvéls,(copper 6. Bloch, D., Belevich, I., Jasaitis, A., Ribacka, C., Puustinen, A,
is required for the proper assembly ot@ in eukaryotes. Verkhovsky, M. I., and Wikstim, M. (2004) The Catalytic Cycle
(Alternatively, heme A levels could be reduced in yeast in of Cytochromec Oxidase is Not the Sum of Its Two Halvézroc.
Natl. Acad. Sci. U.S.AL01, 529-533.

_the absence .Of copper because heme A is degraded when it Brzezinski, P., Larsson, G., anddéroth, P. (2004) Functional
is not associated with €.) It was further suggested by Aspects of Heme-Copper Terminal OxidasesRiespiration in
Barros et al. that the reaction catalyzed by HAS would likely Archaea and Bacteria: Diersity of Prokaryotic Electron Trans-

; ; ; port Carriers(Zannoni, D., Ed.) pp 129153, Kluwer Academic
be the point of regulation for this pathway because heme O Publishers, Dordrecht, The Netherlands.

oxidation and/or release of heme A appears to be the rate- g Malmstian, B. G. (2001) Respiration: Cytochrome Oxidase, in

limiting step 62). Biological Systems and Artificial Supramolecular Syst¢Bei-
) ) zani, V., Ed.) pp 39-55, Wiley-VCH, New York.
In summary, our results demonstrate that despite previous 9. Namslauer, A., and Brzezinski, P. (2004) Structural Elements
circumstantial evidence to the contrary, copper does not Involved in Electron-Coupled Proton Transfer in Cytochrome

regulate heme A homeostasis at the level of either HOS or ,, gé;]drﬁ%?’Fg_Bfﬂlggtrtéfgnlof_%;1%' Ferguson-Miller, S. (2003) A

HAS expression or stability irs. cereisiae. Furthermore, Discrete Water Exit Pathway in the Membrane Protein Cyto-
we have also demonstrated that copper does not directly igr&fgec Oxidase,Proc. Natl. Acad. Sci. U.S.A. 1005539
affect the activity of bacterial HOS or HAS, and our results Trumpower, B. L., and Gennis, R. B. (1994) Energy Transduction

in R. sphaeroide¢considered an excellent model organism by Cytochrome Complexes in Mitochondrial and Bacterial
for studying eukaryotic €0) showed that copper levels have Respiration: The Enzymology of Coupling Electron Transfer

: : Reactions to Transmembrane Proton Translocatomu. Re.
no effect on heme A production or accumulation. From these Biochem. 63675-716.

results, we conclude that copper is not directly involved with 12 Glerum, D. M., and Tzagoloff, A. (1994) Isolation of a Human
heme A homeostasis. As discussed above, a number of cDNA for Heme A:Farnesyltransferase by Functional Comple-

possible modes exist to control the biosynthesis of heme A, gnf'gzggfé’iggeaﬂ COX10 Mutariroc. Natl. Acad. Sci. U.S.A.

and it is also possible that the heme A biosynthetic pathway 13. puustinen, A., and Wikstng, M. (1991) The Heme Groups of
is regulated by some still unknown influence. Finally, as is Cytochromeo from Escherichia coliProc. Natl. Acad. Sci. U.S.A

; ; i s A i 88, 6122-6126.
common in many biosynthetic pathways., .|t is quite possible 14. Saiki, K., Mogi. T., Ogura, K.. and Ankaru, . (1998} Vitro
that multiple regulatory strategies are utilized to control the Heme O Synthesis by theyoE Gene Product fronEscherichia

biosynthesis of heme A. Although more work is clearly coli, J. Biol. Chem. 26826041-26045.

required to elucidate fully the regulatory mechanism, our 15-Mogi, T. (2003) Biosynthesis and Role of Heme O and Heme A,

. . . in The Iron and Cobalt Pigments: Biosynthesis, Structure, and
work has allowed us to determine that copper is not directly Degradation(Kadish, K. M., Smith, K. M., and Guilard, R., Eds.)

involved in the regulation of heme A biosynthesis. pp 157181, Academic Press, Amsterdam.



12562 Biochemistry, Vol. 44, No. 37, 2005

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

Barros, M. H., Carlson, C. G., Glerum, D. M., and Tzagoloff, A.
(2001) Involvement of Mitochondrial Ferredoxin and Cox15p in
Hydroxylation of Heme OFEBS Lett. 492133-138.

Brown, K. R., Brown, B. M., Hoagland, E., Manye, C. L., and
Hegg, E. L. (2004) Heme A Synthase Does Not Incorporate
Molecular Oxygen into the Formyl Group of Heme Biochem-
istry 43 8616-8624.

Sakamoto, J., Hayakawa, A., Uehara, T., Noguchi, S., and Sone,
N. (1999) Cloning oBacillus stearothermophilus cta#nd Heme

A Synthesis with the CtaA Protein Produceddscherichia coli
Biosci., Biotechnol., Biochem. $36—103.

Svensson, B., lhben, M., and Hederstedt, L. (199Bpcillus
subtilis CtaA and CtaB Function in Haem A Biosynthedi4ol.
Microbiol. 10, 193—-201.

Carr, H. S., and Winge, D. R. (2003) Assembly of Cytochrame
Oxidase within the MitochondrionAcc. Chem. Res36, 309—
316.

Barrientos, A., Barros, M. H., Valnot, I., Rotig, A., Rustin, P.,
and Tzagoloff, A. (2002) Cytochrome Oxidase in Health and
DiseaseGene 28653—63.

Linder, M. C., and Hazegh-Azam, M. (1996) Copper Biochemistry
and Molecular BiologyAm. J. Clin. Nutr 63, 797S-811S.
Waggoner, D. J., Bartnikas, T. B., and Gitlin, J. D. (1999) The
Role of Copper in Neurodegenerative Dised$eiirobiol. Dis. 6
221-230.

Gaetke, L. M., and Chow, C. K. (2003) Copper Toxicity, Oxidative
Stress, and Antioxidant Nutrient$pxicology 189 147-163.
Dancis, A., Yuan, D. S., Moehle, C., Askwith, C., Eide, D.,
Moehle, C., Kaplan, J., and Klausner, R. D. (1994) Molecular
Characterization of a Copper Transport Proteirsircereisiae

An Unexpected Role for Copper in Iron Transp@ell 76, 393—
402.

Labbe S., Zhu, Z., and Thiele, D. J. (1997) Copper-specific
Transcriptional Repression of Yeast Genes Encoding Critical
Components in the Copper Transport Pathwajgiol. Chem. 272
15951-15958.

Huffman, D. L., and O’Halloran, T. V. (2001) Function, Structure,
and Mechanism of Intracellular Copper Trafficking Protefusnu.
Rev. Biochem. 70677—701.

Rosenzweig, A. C. (2001) Copper Delivery by Metallochaperone
Proteins, Acc. Chem. Res. 3419-128.

Horng, Y.-C., Cobine, P. A., Maxfield, A. B., Carr, H. S., and
Winge, D. R. (2004) Specific Copper Transfer from the Cox17
Metallochaperone to Both Scol and Cox11 in the Assembly of
Yeast Cytochrome OxidaseJ. Biol. Chem. 27935334-35340.
Hiser, L., Di Valentin, M., Hamer, A. G., and Hosler, J. P. (2000)
Cox1lp Is Required for Stable Formation of the gCand
Magnesium Centers of Cytochromm®xidaseJ. Biol. Chem. 275
619-623.

Mattatall, N. R., Jazairi, J., and Hill, B. C. (2000) Characterization
of YpmQ, an Accessory Protein Required for the Expression of
Cytochromec Oxidase inBacillus subtilis J. Biol. Chem. 275
28802-28809.

Dickinson, E. K., Adams, D. L., Schon, E. A., and Glerum, D.
M. (2000) A HumanSCO2Mutation Helps Define the Role of
Scolp in the Cytochrome Oxidase Assembly PathwiayBiol.
Chem. 27526780-26785.

Nobrega, M. P., Bandeira, S. C. B., Beers, J., and Tzagoloff, A.
(2002) Characterization cE0X19 a Widely Distributed Gene
Required for Expression of Mitochondrial Cytochrome Oxidase,
J. Biol. Chem 277, 40206-40211.

Barros, M. H., Johnson, A., and Tzagoloff, A. (20@)X23 a
Homologue of COX17 Is Required for Cytochrome Oxidase
Assembly,J. Biol. Chem. 27931943-31947.

Carlsen, C. U., Mgller, J. K. S., and Skibsted, L. H. (2005) Heme-
Iron in Lipid Oxidation,Coord. Chem. Re 249 485-498.

Ryter, S. W., and Tyrrell, R. M. (2000) The Heme Synthesis and
Degradation Pathways: Role in Oxidant Sensitivity Heme Oxy-
genase has Both Pro- and Antioxidant Propertigse Radical
Biol. Med 28, 289-309.

Hill, J., Goswitz, V. C., Calhoun, M., Garcia-Horsman, J. A,
Lemieux, L., Alben, J. O., and Gennis, R. B. (1992) Demonstration
by FTIR That thebo-Type Ubiquinol Oxidase oEscherichia coli
Contains a Heme-Copper Binuclear Center Similar to That in
Cytochromec Oxidase and That Proper Assembly of the Binuclear
Center Requires theycE Gene ProducBiochemistry 3111435
11440.

Saiki, K., Mogi, T., and Anraku, Y. (1992) Heme O Biosynthesis
in Escherichia coli The CYOE Gene in the Cytochroméo

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Morrison et al.

Operon Encodes a Protoheme IX FarnesyltransfeBisehem.
Biophys. Res. Commuh89, 1491-1497.

Barros, M. H., Nobrega, F. G., and Tzagoloff, A. (2002)
Mitochondrial Ferredoxin Is Required for Heme A Synthesis in
Saccharomyces cersiae, J. Biol. Chem. 27,79997-10002.
Brown, K. R., Allan, B. M., Do, P., and Hegg, E. L. (2002)
Identification of Novel Hemes Generated by Heme A Synthase:
Evidence for Two Successive Monooxygenase ReactiBits,
chemistry 4110906-10913.

Svensson, B., Anderson, K. K., and Hederstedt, L. (1996) Low-
Spin Heme A in the Heme Biosynthetic Protein CtaA from
Bacillus subtilis Eur. J. Biochem. 238287—295.

Brown, B. M., Wang, Z., Brown, K. R., Cricco, J. A., and Hegg,
E. L. (2004) Heme O Synthase and Heme A Synthase from
Bacillus subtilisand Rhodobacter sphaeroiddsteract in Es-
cherichia colj Biochemistry 4313541-13548.

Smith, D., Gray, J., Mitchell, L., Antholine, W. E., and Hosler, J.
P. (2005) Assembly of the Cytochroneeédxidase in the Absence

of Assembly Protein Surflp Leads to Loss of the Active Site
Heme,J. Biol. Chem 280, 17652-17656.

Liu, X., and Taber, H. W. (1998) Catabolite Regulation of the
Bacillus subtilis ctaBCDEFRSene Cluster). Bacteriol. 1806154
6163.

Paul, S., Zhang, X., and Hulett, F. M. (2001) Two ResD-Controlled
Promoters RegulatetaA Expression inBacillus subtilis J.
Bacteriol. 183 3237-3246.

Zhang, X., and Hulett, F. M. (2000) ResD signal transduction
regulator of aerobic respiration Beacillus subtilis ctaApromoter
regulation,Mol. Microbiol. 37, 1208-1219.

Kwast, K. E., Lai, L.-C., Menda, N., James, D. T., lll, Aref, S.,
and Burke, P. V. (2002) Genomic Analyses of Anaerobically
Induced Genes ifsaccharomyces cersiae Functional Roles

of Rox1 and Other Factors in Mediating the Anoxic Respodse,
Bacteriol. 184 250-265.

DeRisi, J. L., lyer, V. R., and Brown, P. O. (1997) Exploring the
Metabolic and Genetic Control of Gene Expression on a Genomic
Scale,Science 278680-686.

Gasch, A. P., Spellman, P. T., Kao, C. M., Carmel-Harel, O., Eisen,
M. B., Storz, G., Botstein, D., and Brown, P. O. (2000) Genomic
Expression Programs in the Response of Yeast Cells to Environ-
mental Changesyiol. Biol. Cell 11, 4241-4257.

Epstein, C. B., Waddle, J. A, Hale, W. |. V., Dave, V., Thornton,
J., Macatee, T. L., Garner, H. R., and Butow, R. A. (2001)
Genome-wide Responses to Mitochondrial Dysfunctidal. Biol.

Cell 12 297-308.

Washburn, M. P., Koller, A., Oshiro, G., Ulaszek, R. R., Plouffe,
D., Deciu, C., Winzeler, E., and Yates, J. R., Ill (2003) Protein
Pathway and Complex Clustering of Correlated mRNA and
Protein Expression Analyses 8accharomyces cerisiae, Proc.
Natl. Acad. Sci. U.S.A. 10B107-3112.

Barros, M. H., and Tzagoloff, A. (2002) Regulation of the Heme
A Biosynthetic Pathway ilsaccharomyces cersiag, FEBS Lett.
516 119-123.

Lin, S.-J., Pufahl, R. A., Dancis, A., O'Halloran, T. V., and Culotta,
V. C. (1997) A Role for theSaccharomyces cerisiae ATX1
Gene in Copper Trafficking and Iron Transpait, Biol. Chem.
272 9215-9220.

Crisp, R. J., Pollington, A., Galea, C., Jaron, S., Yamaguchi-lwai,
Y., and Kaplan, J. (2003) Inhibition of Heme Biosynthesis
Prevents Transcription of Iron Uptake Genes in YedstBiol.
Chem. 27845499-45506.

Nakayama, K., Takasawa, A., Terai, |., Okui, T., Ohyama, T.,
and Tamura, M. (2000) Spontaneous Porphyria of the Long-Evans
Cinnamon Rat: An Animal Model of Wilson’s Diseas&rch.
Biochem. Biophys. 37240-250.

Williams, D. M., Loukopoulos, D., Lee, G. R., and Cartwright,
G. E. (1976) Role of Copper in Mitochondrial Iron Metabolism,
Blood 48 77—85.

Keyhani, E., and Keyhani, J. (1980) Identification of Porphyrin
Present in Apo-CytochromeOxidase of Copper-Deficient Yeast
Cells, Biochim. Biophys. Acta 63211-227.

Glerum, D. M., Shtanko, A., and Tzagoloff, A. (1996) Charac-
terization ofCOX17 a Yeast Gene Involved in Copper Metabolism
and Assembly of Cytochrome Oxidasé, Biol. Chem. 271
14504-14509.

Puig, O., Caspary, F., Rigaut, G., Rutz, B., Bouveret, E., Bragado-
Nilsson, E., Wilm, M., and Sephin, B. (2001) The Tandem
Affinity Purification (TAP) Method: A General Procedure of
Protein Complex Purificatiorylethods 24218-229.



Copper Does Not Regulate either HOS or HAS

60.

61.

62.

63.

64.

Longtine, M. S., McKenzie, A., lll, Demarini, D. J., Shah, N. G.,
Wach, A., Brachat, A., Philippsen, P., and Pringle, J. R. (1998)
Additional Modules for Versatile and Economical PCR-based
Gene Deletion and Modification iSaccharomyces cerisiae,
Yeast 14953-961.

Gietz, D., St. Jean, A., Woods, R. A., and Schiestl, R. H. (1992)
Improved Method for High Efficiency Transformation of Intact
Yeast CellsNucleic Acids Res. 20425.

Pappas, C. T., Sram, J., Moskvin, O. V., lvanov, P. S., Mackenzie,
R. C., Choudhary, M., Land, M. L., Larimer, F. W., Kaplan, S.,
and Gomelsky, M. (2004) Construction and Validation of the
Rhodobacter sphaeroid@s4.1 DNA Microarray: Transcriptome
Flexibility at Diverse Growth Modes]. Bacteriol. 186 4748-
4758.

Sistrom, W. R. (1962) The Kinetics of the Synthesis of Photo-
pigments inRhodopseudomonas sphaeroidesGen. Microbiol.

28, 607-616.

Capaldi, R. A., Marusich, M. F., and Taanman, J.-W. (1995)
Mammalian Cytochrome-Oxidase: Characterization of Enzyme
and Immunological Detection of Subunits in Tissue Extracts and
Whole Cells,Methods Enzymol. 260.17—-132.

65.

66.

67.

69.

Biochemistry, Vol. 44, No. 37, 2009.2563

Svensson, B., and Hederstedt, L. (19B4tillus subtilisCtaA Is

a Heme-Containing Membrane Protein Involved in Heme A
Biosynthesis,). Bacteriol. 176 6663-6671.

Svensson-Ek, M., Abramson, J., Larsson, G.rniath, S.,
Brzezinski, P., and Iwata, S. (2002) The X-ray Crystal Structures
of Wild-type and EQ(I-286) Mutant CytochronegOxidases from
Rhodobacter sphaeroide3. Mol. Biol. 321, 329-339.

Tsukihara, T., Aoyama, H., Yamashita, E., Tomizaki, T., Yamagu-
chi, H., Shinzawa-Itoh, K., Nakashima, R., Yaono, R., and
Yoshikawa, S. (1996) The Whole Structure of the 13-Subunit
Oxidized Cytochrome Oxidase at 2.8 AScience 2721136~
1144.

. Zhen, Y., Qian, J., Follmann, K., Hayward, T., Nilsson, T., Dahn,

M., Hilmi, Y., Hamer, A. G., Hosler, J. P., and Ferguson-Miller,
S. (1998) Overexpression and Purification of Cytochrome
Oxidase fronRhodobacter sphaeroideBrotein Expression Purif.
13, 326-336.

Hiser, L., and Hosler, J. P. (2001) Heme A Is Not Essential for
Assembly of the Subunits of CytochroneeOxidase ofRhodo-
bacter Sphaeroided. Biol. Chem. 27645403-45407.

BI050893D



