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ABSTRACT. Cytochrome (cythses transports electrons across the membrane of chromaffin granules (CG)
present in the adrenal medulla, supporting the biosynthesis of norepinephrine in the CG matrix. We have
conducted a detailed characterization oflmg using electron paramagnetic resonance (EPR) and optical
spectroscopy on the wild-type and mutant forms of the cytochrome expressed in insect cetis=The

3.7 (low-potential heme) angl = 3.1 (high-potential heme) signals were found to represent the only two
authentic hemes of cyisg;; models that propose smaller or greater amounts of heme can be ruled out.
We identified the axial ligands to hemes in dys: by mutating four conserved histidines (His54 and
His122 at the matrix-side heme center and His88 and His161 at the cytoplasmic-side heme center), thus
confirming earlier structural models. Single mutations of any of these histidines produced a constellation
of spectroscopic changes that involve not one but both heme centers. We hypothesize that the two hemes
and their axial ligands in c\lise; are integral parts of a structural unit that we term the “kernel”. Histidine

to glutamine substitutions in the cytoplasmic-side heme center but not in the matrix-side heme center led
to the retention of a small fraction of the low-potential heme with= 3.7. We provisionally assign the
low-potential heme to the matrix side of the membrane; this arrangement suggests that the membrane
potential modulates electron transport across the CG membrane.

Most, if not all, eukaryotic organisms carry a gene for at (Dcyt bsei), which participates in the uptake of dietary iron
least one member of the newly discovered protein family of in the brush border membrane of the duodengpig) (but
cytochromebsg; (cyt bser)* (1—4). The first known member  see refsl2 and13) and the iron uptake in airway epithelial
of the family, adrenal-type cytss, is essentially an  cells (L4) and possibly plays a role in extracellular ascorbate
ascorbate-regeneration machis that plays a key role in  recycling in human erythrocyted%). Another interesting
supplying electrons for the biosynthesis of norepinephrine member of the cyisg; family is the 101F6 protein, a putative
by dopamines-hydroxylase §) and of several important  tumor suppressor with an unknown mechanism of actién (
peptide hormones by peptidylglycieemonooxygenasesy. 17). Many species have multiple cigts: family members,
Several other cybse; family members are either suggested with 6 known in humans and as many as 1@\mabidopsis
to participate in ascorbate metabolism or to depend uponthaliana Thus, the cytbss; family appears to be important
ascorbate for ferric-reductase activity. Among them are for the biology of eukaryoteslj.
stromal-cell-derived receptor 2, which is an iron reductase  With most of the proteins constituting this family still wait-
expressed in major iron-storage orgars 8); a newly ing for physicochemical characterization, the development
discovered analogue with ferric-reductase activity, Limyt, of a structural and functional model of a prototypic represen-
which was found in macrophage lysosom@g Tcyt bsgi, @ tative would be valuable as a point of comparison. Adrenal
cytochrome recently reported as a constituent of the tonoplastcyt bse; is undoubtedly the current best choice for such a
membrane inArabidopsis(10); mammalian duodendise; prototype because (a) a significant database already exists
s work was susborted by American Heart Association (T for this protein, (b) it is highly abundant, comprising 17%
Aftiiate) Grant 0455107V (to G.P.) and National Insttutes of Nearihe of the total protein in its natural source, the membrane of
Grant GM44911 (to A-L.T.). chromaffin granules (CG) located in the medulla of adrenal
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Rice University. hydroxylase within CG requires two electrons provided by
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1 Abbreviations: cyt, cytochrome; CG. chromaffin granules; M, mtragranular ascprb_|c aci@). In this process, two ascorbic
matrix; C, cytoplasmic; MDA, monodehydroascorbate; PAL, putative acid molecules inside the granule undergo one-electron
axial ligand; EPR, electron paramagnetic resonance; HALS, highly axial oxidation to monodehydroascorbatQSX and must be
low spin; ALA, d-aminolevulinic acid; EDTA, ethylenediamine tet- ; ; ;
raacetic acid; DMn-dodecylf-p-maltoside; CHAPS, 3-[(3-cholami- replendlsfr]]e(;. Nelthir tfu”y reduc?d tastﬁorbate ;’10r ma;rlx
dopropyl)dimethylamino]-1-propanesulfonate; SVD, singular value MONodenydroascorbate can penetrate the granule memborane

decomposition. (24—26), and cytbse; regenerates intragranular ascorbate by
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transferring electrons acquired from cytoplasmic ascorbate systematically by mutagenesis. EPR is very sensitive to the

(5, 27-32). properties and environment of the oxidized (paramagnetic)
Adrenal cytbsg; consists of 252 amino acid residues with heme centers of cytochromes0j, and importantly, the two

a M; of 28 kDa (33, 34). Sequence analysis of adrenal cyt heme EPR signals in cyise; are well resolved40—42).

bse1 predicts six transmembrane helic88)( with the central We present here a comparative EPR and optical study of
four helices forming a bundles) carrying the hemes3g). ~ natural and recombinant wild-type bovine adrenal twyf,
Although all models of cybse; beginning with that of Degli  as well as its mutants, with the goal of resolving remaining

Esposti et al. 35) consider cytbse; to contain two hemes,  questions regarding the fundamental characterization of cyt
the heme stoichiometry has remained an unsettled issue. Orbsg,, namely, the quantity of its hemes and identification of
the basis of an apparent heme/protein ratio of 1, early their axial ligands.

literature considered cyise; to contain a single hemeTt,

36—39). Tsubaki et al. 40) developed a mild purification =~ EXPERIMENTAL PROCEDURES

procedure and reported the isolation from CG of by . o .

containing two hemes. Subsequent expression and purifica- Materials.Hemin, dithiothreitol, EDTA, cholate, desoxy-

tion of a recombinant, His-tagged bovine by, from yeast, ~ cholate, ALA, and horse heart cytochrorsewere from
bacterial, and insect cells also yielded proteins with two Si9Ma (St. Louis, MO). Frozen bovine adrenal glands were

hemes per polypeptide2@, 22). The two hemes were purchased_from Pel-Freez (Rogers, AR), while fresh glqus
reported to have different low-spin signals in electron Were obtained from a slaughterhouse. Protease inhibitor

paramagnetic resonance (EPR) spectra, with low-fipld  cocktail Set 1 and Set Ill (without EDTA) were from
values of 3.1 and 3.740—42), although recently Wandu- Calbiochem (San Diego, CA). Ascorbic acid sodium salt and

ragala et al.43) raised doubts regarding the authenticity of SCdium dithionite were obtained from Fluka (Germany).
theg, = 3.7 signal in their sample of purified cite:. Kipp n-Octyl--p-glucoside and DM, CHAPS, PMAL-c12, and

et al. @4) suggested that the second EPR signal is not a '"ton X-100 were from Anatrace (Maumee, OH).
manifestation of an independent heme center but represents CG and CG Membrane Vesicles Preparatiéitesh and

the heme-heme interaction between two different mono- Prefrozen adrenal glands were used for the preparation of
heme protein molecules. On the other hand, Burbaev et al.CG and different types of membrane vesicles as described
(41) and later Kamensky et al1@) observed heterogeneity — Previously @0, 42).

in the EPR signal of one of the hemes and noted the Cyt Ie: from CG. Purification of cytbss; from natural
possibility that membranous cite; contained three hemes membranes was performed according to the protocol devel-
(412), perhaps in the framework of a dimeric structut®)( oped by Tsubaki et al4Q).

Bis-histidine ligation is very likely for all of the hemes of Recombinant Bane Cyt kg Expression of His-tagged
cyt bses (41, 45). Kamensky et al.45) observed that cytse; bovine cythsg; in Sf9insect cells and purification of mem-
lacks the characteristic charge-transfer band near 700 nmbranous and isolated recombinant protein were performed
that is typical for methionine coordination in cytochrontes  as described previousl2Q). The membranous preparations
(46) and in cytbse, from Escherichia coli(47). In addition, of mutated cybse; were prepared by the method developed
the marked similarity of the magnetic circular dichroism in in ref 20 for the wild type, where the membranes were
the -band of reduced cyse; with that of cyths (45) and collected at 150,0apwith or without prior removal of the
the bis-imidazole complex of protoheme makes coordination 500y and 15,006 fractions. Site-directed mutagenesis of
by lysine unlikely @8), leaving the imidazole side chain of bovine cytbss; was performed on the b561/pBluescript Il
histidines as the most credible candidates for axial ligandsKS (+) plasmid using the QuikChange site-directed mu-
to heme in cybse; (45). The EPR spectral characteristics of tagenesis kit (Stratagene). The primer sequences containing
cyt bse (20, 21, 40—42) are consistent with histidine axial the mutation (the bases changed are underlined) were
ligands, as are the near-infrared magnetic circular dichroismHis54GIn sense (S6CAGTTCAACGTGCAACCCCTCT-
spectra of cythse; (Duin, E., Kamensky, Y., Johnson, M., GCATGATCATAG-3) and His54GlIn antisense'(ETAT-
and Palmer, G., unpublished results). GATCATGCAGAGGGGTTGCACGTTGAACTGC -3 His54Met

Six fully conserved histidines (His54, His88, His92, sense (5BCTGCAGTTCAACGTGATGCCCCTCTGCAT-
His110, His122, and His161 in adrenal dyt;) have been GATC-3) and His54Met antisense "(6ATCATGCA-
identified in adrenal cyibss; from different speciesl). Degli GAGGGGCATCACGTTGAACTGCAG-3, His54Tyr sense
Esposti et al. 35) and later other investigatord(3, 49) (5-CTGCAGTTCAACGTGTACCCCCTCTGCATGATC-
suggested that His54 and His122 are the axial ligands to the3') and His54Tyr antisense ' (&ATCATGCAGAGGGGG-
heme on the matrix (M) side of the CG membrane and that TACACGTTGAACTGCAG-3), His88GIn sense (5
His88 and His161 provide axial ligation to the heme on the ACCAAAGTCCTGCAAGGGCTGCTGCACGTCTTC-3
cytoplasmic (C) side. However, this hypothesis has beenand His88GIn antisense '(6AAGACGTGCAGCAGC-
waiting for experimental confirmation. An important step CCTTGCAGGACTTTGGT-3, His122GIn sense (SAC-
in this direction was recently taken by Bei et al. @1). CTGTACAGCCTGCAAAGCTGGTGCGGCATCC-3and
Their results suggested that His110 could be excluded fromHis122GIn antisense ®GATGCCGCACCAGCTTTG-
the list of potential axial ligands to heme and were consistent CAGGCTGTACAGGT-3), His161GIn sense (855CTAC-
with the idea of His54, His88, His122, and His161 being CGCCCGCAGCAAGTCTTCTTCGGCG Band His161GIn
the axial ligands. In the absence of an X-ray structure, the antisense (3SCGCCGAAGAAGACTTGCTGCGGGCGG-
assignment of individual axial ligands to a particular heme TAGC-3), Hisl61Met sense (BCGCTACCGCCCGCA-
center can be examined by EPR analysis of recombinant cytGATGGTCTTCTTCCGGCGC-3and His161Met antisense
bss1 in which putative axial ligands (PALs) are replaced (5-GCGCCGAAGAAGACCATCTGCGGGCGGTAGCG-
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3), and Hisl61Tyr sense €GCTACCGCCCGCAG- l - u ' u - |
TACGTCTTCTTCGGCG-3 and His161Tyr antisense’(5 . T T
CGCCGAAGAAGACGTACTGCGGGCGGTAGCG-B ' 313

i i idized

E. coli strain XL-10 (Stratagene) competent cells were 504 w
heat-transformed with the mutagenesis reaction, plated on )

LB agar containing 100ug/mL ampicillin, and grown \/\\\mmi?f‘iﬂ’iﬁi

overnight. Ampicillin-resistant colonies were grown in £B 1800 2000 5200
ampicillin broth at 37°C overnight, and plasmid DNA was
isolated. Clones were screened for the presence of the desired |
mutation by DNA sequencing, digested wianmHI|/Xbd,

and separated on an agarose gel. The purified DNA fragments
containing the desired mutations were inserted BaoH|/
Xba-digested pVL1393 vector (PharMingen, San Diego,
CA). The final constructs were verified by restriction enzyme
digestion and DNA sequencing. Construction of baculoviral

vectors for the expression of mutant dy; in insect cells
followed published proceduresy). N2 ]
Assay of Protein, Cytds, and Heme ContentTotal

protein was assayed with a BioRad DC kit, using bovine

serum albumin as the standard. Recombinanbgytcontent /R’/\/\/x\i

was calculated using a difference extinction coefficient of 4

34 mMtcm1[561-575 nm, reduced minus oxidized spec- e

trum (20)]. The concentration of membranous and purified 284

CG cyt bsgy was calculated using a difference extinction ' : ' - ' : '

coefficient 37.3 mM* cm™t [561—575 nm, reduced minus 1200 1600 2000 2400
g Magnetic Field (gauss)

oxidized spectrum 40)]. The heme content was deter-

mined by the pyridine hemochrome ass&p)( using a FicurRe 1: EPR signals of cytsg; hemes in native CG, CG

difference extinction coefficient (556638 nm) of 24.5 membranes, and the purified cytochrome. EPR spectra were
mM-1 cmt (53). recorded for freshly prepared CG (trace 1), “Tsubaki membranes”

. - . (as defined in reR0) (trace 2), “traditionally prepared2(Q) CG
EPR Sample Preparatiosamples were oxidized with an  pembranes (trace 3), and purified His-taggedbeytexpressed in

excess of ferricyanide. Membranous samples were thensfocells (trace 4). Signal amplitudes were normalized to the heme
washed twice by centrifugation (1 h at 120,8Df remove concentration. Membranous samples (trace8)lwere suspended
the oxidant, whereas detergent extracts and purified cyto-in 20 mM Tris at pH 7.2 with 18% glycerol, except for freshly

- . prepared CG, where the glycerol concentration was 50%. The
chrome were desalted using 10DG columns (BioRad). purified cytochrome sample (trace 4) was in 100 mM sodium

Concentrated samples were supplemented vyith 18% glycerolphospmue at pH 7.2 containing 18% glycerol and 1% octyl
(50% glycerol for CG samples), transferred into EPR tubes, glucoside. The microwave power and temperatures were: 1, 15
frozen in~1 s in a dry ice/ethanol mixture, and stored in mW and 11 K; 2, 32 mW and 11 K; 3, 50 mW and 11 K; and 4,
liquid nitrogen. Typical cytbss; monomer concentrations 15 mW and 8 K. Other spectrometer settings were: microwave

. frequency, 9.60 GHz; modulation frequency, 100 kHz; and modula-
were 25-40 uM for membranous preparations and-50 tion amplitude, 10 G, except for trace 3 (20 G). (Inset) EPR signals

uM of protein for isolated cytochrome. for oxidized and semireduced clts; hemes in CG membranes.
SpectroscopyElectronic absorption spectra were recorded “Traditionally prepared” CG membranes were suspended in 50 mM
with a Shimadzu Model 2101PC or a Jasco Model V-560 Hepes at pH 7.2 with 0.1 mM EDTA and 18% glycerol and either

xidized with ferricyanide (upper) or 50% reduced with ascorbate
spectrophotometer at room temperature. EPR spectra Wer(%Iower) before spectra were recorded at 11.5 K with a microwave

collected at 540 K with a Bruker EMX or a Varian E-6  power of 50 mW. Other spectrometer settings were: microwave

spectrometer equipped with a liquid helium cryostat. frequency, 9.27 GHz; modulation frequency, 100 kHz; and modula-
Computer Analysi€Experimental data were analyzed using fion amplitude, 20 G.

fitting routines [including the SVD algorithm] of IgorPro

5.04 (Wavemetrics, Portland, OR). Molecular graphics of

the cytbsg; structural model §) were prepared using the from non-heme iron aig = 4.3 that is prominent in

software Ribbons 3.225¢). membranous samples (traces3lin Figure 1) but rather
RESULTS insignificant in the sample of purified cytochrome (trace 4
in Figure 1). The small size of the signalgat- 6 establishes
Stoichiometry and EPR Signals of the Hemes in Gyt b that only a very small fraction of the purified cytochrome is
Cyt bse; displays two distinct low-spin ferric heme signals, in the high-spin form (trace 4 in Figure 1). CG membranes
with g; at 3.7 and 3.1 (Figure 1). We found the same two prepared according to a traditional protoc) also exhibit
low-spin signals in all samples of clggs; examined: inintact  a low level of high-spin species (trace 3 in Figure 1). Intact
CG, which is a preparation intermediate between the parentCG and Tsubaki membrane80) have a somewhat higher
chromaffin cells and purified membrane (trace 1 in Figure content of the high-spin signal (traces 1 and 2 in Figure 1).
1); in purified CG membranes ( traces 2 and 3 in Figure 1); The small signal ag, = 2.84, which is present in some of
and in purified wild-type, His-tagged c¥ke: expressed in - our experiments (e.g., trace 4 in Figure 1), was previously
insect cells (trace 4 in Figure 1). shown to derive reversibly from thg, = 3.1 signal in a

4.3

‘ 3.71 3.12

EPR Amplitude

In addition to they, ~3.7 and 3.1 signals, there is a signal
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on the high-potential heme of cise; (Figure 2A) and on
cytochromec, an undoubtedly homogeneous species at pH
7 (Figure 2B). In both proteins, increasing the microwave
AH = 20 gauss power shifted the position of the peak to lower fields and
27als caused a baseline “overshoot” at higher fields. Passage
| ‘ artifacts may be encountered with any low-spin hemeprotein
0.9mw when the spin-lattice relaxation process is overwhelmed, as

occurs at high powers or very low temperatures, and is not
50wy evidence for the presence of multiple heme centers in cyt
bse1, as was originally suggestedl).

Global Analysis of Cyt 4, Absorption SpectraWe
Cytochrome ¢ previously demonstrated that the high- and low-potential
2249 heme centers of cybsg; in CG membranes have unique
spectral feature1@). In the current experiments, we utilized
purified bovine adrenal cyiss; expressed in yeas?(), thus
improving the quality of the spectra by reducing the noise
caused by light scattering and by eliminating optical interfer-
ence from a minor component present in the CG membranes,
a separate heme-containing protein with a low redox
potential® Figure 3A presents absolute absorption spectra
of cyt bsg; recorded during titration with ascorbate. Because
the midpoint potentials of the two hemes differ ky100
Magnetic Field (gauss) mV (36, 56), spectral changes during the earlier stages of
FiGURE 2: Effects of the microwave power on the EPR signal of reduction reflect the reduction of the high-potential heme
the high-potential heme of cYise1. (A) EPR spectrum of 31M exclusively. This heme has a “spliti-band, with a pro-
purified cytbse, from ce meimbra?es(;n 50 lisclndiumghosph%ted nounced maximum and a shoulder at a shorter wavelength
:E %'f';fngogga'mr\}g_l(%? %g&ergpggtrulnf’ gfc%g/lu?]%sr's: e (Figure 3B). As the titration progresses, the low-potential
cytochromec in 60 mM sodium phosphate at pH 6.8 containing Neme begins to contribute to the total absorbance and the
20% glycerol recorded at 0.05 and 128 mW. Spectrometer condi- Spectra become somewhat more symmetric (Figure 3A)
tions: microwave frequency, 9.60 GHz; modulation frequency, 100 because ther-band of the low-potential heme is not split
kHz; modulation amplitude, 10 G; and temperature, 8.0 K. and consequently has a much smaller contribution at shorter

H-d dent blv reflecting d tonati fwavelengths (Figure 3B).
pri-aependent manner, possibly reflecting deprotonalion ot 1, getermine the number of spectral species necessary to

an axial histidine 40). . ;
N i , explain all features of the absorption spectra at all stages of
Theg, = 3.7 and 3.1 signals have been assigned to the reqyction, we subjected the set of 15 spectra shown in

low- and high-potential heme centers, respectively, based ONFjgure 3A to SVD analysis. Figure 4A shows the relative

the order in which they were re.duced in titrations with amplitudes of the principal components derived from this
ascorbate 40, 41). The inset of Figure 1 compares EPR  4nqiysis. It is clear that only SVD components 1 and 2 have
spectra of fully oxidized and semireduced CG membranes. gjgnificant amplitude and that the other components can be
It is important to note that the location of the EPR signal of ignored. Note that the two major SVD components
the low-potential heme remains unchanged, while its am- gigure 4B) are not identical to either the spectrum of the

plitudes diminish slightly; at the same time, the amplitude ¢ytochrome itself or the spectrum of either heme center
of the high-potential heme approaches zero, and no additionalhown in Figure 3B. However, using only these two

signals appears. This rules out a herheme electronic  components, the SVD decomposition can be reversed to
interaction in cytbse: (see the Discussion). reconstruct the important features of the spectra shown in
Lowering the temperature of cipte; from 45t0 10 Kwas  Figure 3A. This is illustrated in Figure 4C, which shows
observed to shift the position of the high-potential peak from experimental and calculated spectra at approximately 7, 50,
g = 3.11 to 3.14 without changing the position of the low- and 100% reduction (corresponding to traces 1, 7, and 15 of
potential heme signal4(). The new heme’s signal was Figure 3A). The major features of the experimental data are

hypothesized to have slightly differegtvalues and signifi-  reproduced so closely that the discrepancies between ex-
cantly different relaxation propertietl). However, we

f’queSt that. the, shift In. the peak pOSIt!On represen_ts a 3 Qur earlier publication [Kamensky, Y. A., and Palmer, G. (2001)
passage art!fac? (59). This phenomenon is illustrated in cpromaffin granule membranes contain at least three heme centers,
Figure 2, which compares the effects of microwave power FEBS Lett. 491119-122] considered a third heme as either almyt
component or another heme-containing protein present in the CG
membrane. The fact that this third heme is not a part obgaititself

2 Passage artifacts arise when the rate of change of the total magnetids now confirmed, because neither purified byg; from CG nor those
field incident on the sample is greater than the inverse of the spin- expressed in insect, yeast, or bacterial cells contains a heme with a
lattice relaxation time. Under these conditions, the EPR signal has factor of 3.62 that is not reduced by ascorbate. The origin and function
contributions from both absorption and dispersion modes, and distor- of the third heme in CG remain unresolved, although Ponting speculated
tions in the EPR spectrum result [Mailer, C., and Taylor, C. P. (1973) that it may be the heme of a clgttype iron reductase [Ponting, C. P.
Rapid adiabatic passage EPR of ferricytochram8ignal enhancement ~ (2001) Domain homologues of dopamifiehydroxylase and ferric
and determination of the spin-lattice relaxation tilB@chim. Biophys. reductase: Roles for iron metabolism in neurodegenerative disorders?
Acta 322 195-203]. Hum. Mol. Genet. 101853-1858].

93,71 Cytochrome b,
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FIGURE 3: Absorption spectra of the high- and low-potential hemes | ! |

of cyt bsei. (A) Absolute spectra of cybse; recorded during 540 550 560 570 580
reductive titration with ascorbate. The purified cytochrome ex-
pressed in yeas2() was diluted to 2.6:M in 100 mM potassium

phosphate at pH 7.2 containing 10% glycerol and 0.08% DM. g ee 4: SVD analysis of absorption spectra of wild-type cyt
Spectra were recorded after the addition of the following concentra- 1,/ during reductive titration with ascorbate. (A) Relative ampli-

tions of ascorbate: 1, 0aM; 2, 1.2uM; 3, 5.2uM; 4, 12.3uM; tudes of the principal components derived from SVD analysis of
5, 2.2'4/"\/" 6, 35'5”M’ 7, 52“'\/," 8, 71uM; 9_’ 1054M; 10, 170 the spectra shown in Figure 3A. (B) Spectra of the two major
#M; 11, 0.53 mM; 12, 1.2 mM; 13, 8.5 mM; and 14 (not shown  components in A. (C) Reconstruction of the 7% reduced, half-
for clarity), 19.6 mM. Trace 15 was recorded after the addition of oqyced, and fully reduced spectra from Figure 3A (traces 1, 7,
a few crystals of dithionite. Spectra were collected at 0.1 nm 5.4 15, respectively). The solid lines represent the original

intervals with a 1.0 nm bandwidth and a scanning speed of 20 N/ g, herimental data, and the dashed lines represent the reconstructed
min. (B) Difference spectra of individual heme centers calculated spectra using only principal components 1 and 2 from B.

from spectra in A. High-potential heme, trace 6 minus trace 2; low-
potential heme, trace 12 minus trace 9. Note that the spectra in 3B
represent the shapes of the two components and not their relativesystem or to cybse;. PAL mutants of cytse; expressed in

amplitudes. yeast also could not be solubilized with dodecyl maltoside
(Liu, W., and Cao, D., unpublished results). Similar effects
perimental and synthetic curves are difficult to detect of PAL mutations on the extractability of the mutated protein
(Figure 4C). It is important to emphasize that just two were observed in a study of the hefmsubunit of succinate:
SVD components are sufficient to reproduce all essential quinone reductase frofBacillus subtilis(57). As the PAL
features of the cytbse; absorption spectra, and hence, mutants of cybse; resisted solubilization, we proceeded with
only two spectral species contribute to the data of Figure their characterization in the membrane fraction.
3A. Absorption Spectra of Membranous PAL Mutant Cyto-
Expression of PAL Mutant Cytochromes in Insect Cells. chromes.Figure 5A presents the reduced minus oxidized
We used our established insect cell syste®) (o express difference absorption spectrum of wild-type dys; ex-
recombinant adrenal cyisg; with mutations in individual pressed in insect cell membranes. The spectrum is typical
PAL residues (histidines 54, 88, 122, and 161) for EPR for low-spin hemeb-containing cytochromes, with pro-
analysis. The insect cell expression system produced the foumouncedo-, -, and y-bands; its characteristics are quite
PAL mutants in comparable amounts, as assessed spectrosimilar to those of the CG cytochroméQ; 42), as well as
photometrically (Figure 5). However, whereas more than the recombinant protein expressed in ye2& 21). Panels
90% of the wild-type cythsss was extracted by detergent B and C of Figure 5 present the absorption spectra of PAL
from insect cell membrane&(@), less than 15% of the PAL  mutants with individual histidines substituted by glutamine,
mutant cytochromes were solubilized by detergent. DM (with methionine, or tyrosine. In addition to low-spin heme
or without PMAL-c12), octyl glucoside, Triton X-100, features, the spectrum of each of the mutants exhibits some
CHAPS, cholate, and deoxycholate were tried at a variety high-spin characteristics (maxima a#40-450, 480, and
of detergent/protein ratios, without and with up& M urea. 624 nm), indicating that the mutations perturbed the spin
Such detergent resistance is not unique to the insect cellstate of the heme center(s).

Wavelength (nm)
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Ficure 6: Difference optical spectra 08f9 cell membranes
containing recombinant wild-type cigts; or two PAL mutants after

the reaction with ascorbate (1) and dithionite (2). Membrane
suspensions in 60 mM Tris at pH 7.4 containing 20% glycerol were
reacted first with 40 mM ascorbate and subsequently with a few
grains of dithionite. Absolute absorption spectra were collected for
oxidized and reductant-treated samples at 0.1 nm intervals with a
0.05 nm bandwidth and a scanning speed of 40 nm/min. Reduced
minus oxidized difference absorption spectra were calculated and
normalized to a protein concentration of 1 mg/mL.
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of 40 mM ascorbate reduced the mutants at His161 and His88
to ~30% of the extent achieved with dithionite, as illustrated
for H88Q (Figure 6). Similar results were reported by Berczi
et al. for His88 and His161 (bovine cytochrome numbering)
FlfGU_Il?g 5: Redgced minu;boxiqizsef%diflflerencg absorpztkt))nv\?_?dectra mutants of murine cybse; expressed in yeas2{). Mutants

of wild-type and mutant cyse; In Stocell membranes. ld- of His54 and His122 were completely unreactive with
type cytbse. (B) 1, H161Q; 2, H122Q; 3, H88Q; 4, H54Q; 5, PR s
r%gmb?/antseeslfr(or% cells exp(r?essing XyII(Egor supple(r?nented Wi(tgh ALA _ascorbate, as sho_vv_n in Figure 6 for lefo This dlffer_ence
and hemin; 6] membranes from unsupplemented Ce"s expressindn aSCOl‘bate I’eaCtIVIty betWeen the H|354/H|5122 and H|388/
XylE; 7, membranes from uninfected cells supplemented with ALA His161 mutant pairs is further evidence that the optical
and hemin; and 8, membranes from unsupplemented, uninfectedspectra originate from recombinant dys; proteins rather
cells. (C) 1, H161Y; 2, H161M; 3, H54Y; and 4, membranes from 5 some endogenoG§9cytochrome. The different effects
cells expressing XylE and supplemented with ALA and hemin. All th bat tivity of tati t the t h
membrane samples were suspended in 60 mM Tris at pH 7.4 on the ascorbate reactivity ol mutations at the two heme
containing 20% glycerol and were reduced with a few grains of centers perhaps reflects changes in the redox potential of
dithionite. The absolute absorption spectra were collected at 0.2the centers, so that the mutation of the center ligated by His54

nm intervals with a 0.1 nm bandwidth and a scanning speed of and His122 causes a larger decrease in the redox potential
200 nm/min. Difference spectra were produced by the subtraction than the mutation involving the heme center ligated by
of oxidized from reduced spectra, and their amplitudes were

normalized for the total membrane protein and for the relative level HiS161 and His88. .
of wild-type cytochrome expression in the corresponding batch of ~ Effects of PAL Mutations on the EPR SpectruaiR

Sfacells. spectra of membranous c¥ise; with mutated PAL are
presented on Figure 7 along with the spectra of wild-type
The difference spectra from contr§f9cells not infected cytochrome and control membranes. In the low-spin area,
with baculovirus or expressing an unrelated, heme-free the familiar wild-type signals withy, at 3.1 and 3.7 are
protein, XylE, and grown with or without supplementation replaced in the mutants with two new low-spin signals. The
with ALA and heme lacked significant optical absorbance first signal hasy, = 2.96 andg, = 2.26; the second signal
(traces 5-8 in Figure 5B), showing that the host cell is characterized by,g= 2.46 and g= 2.26. Similar EPR

membranes themselves had a negligible levelbdjpe changes were observed when the targeted PAL histidine was
cytochrome. substituted with methionine or tyrosine, which are potential
Reaction of Membranous PAL Mutants of Cygilwith axial ligands (Figure 7A) or with glutamine, which does not

Ascorbic AcidPurified wild-type cytbse; was reduced almost  ligate heme (Figure 7B). In the broader magnetic field
fully by ascorbate, the physiological reductant (Figure 3), interval (shown in Figure 7C for H88Q), a prominent high-
whereas its membranous counterpart was o1M9% reduced  spin signal ag = 6.0 and non-heme irog = 4.3 signal are
(Figure 6); this difference presumably reflects either changesobserved. A small signal at= 1.90 is associated witly, =
in the redox potentials of cytochrome or decreased access2.46. It is notable that all PAL mutations in either heme
to the reductant because of membrane components. center resulted in the appearance of the same set of heme
The membranous PAL mutants were much less reactive spectral species. Control membranes from cells expressing
with ascorbate than the wild-type cytochrome. The addition no cytbse; (with or without the addition of heme and ALA
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Ficure 7: EPR spectra of PAL mutants of ciggs; in Sf9 cell
membranes. (A and B) Low-spin region of the EPR spectr&féf
cell membranes containing recombinant wild-type byg; and
mutants with PAL histidines replaced by methionine or tyrosine
(A) or glutamine (B). The spectra of membranes fr&f® cells
expressing XylE and supplemented with ALA and hemin and
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in B as controls. (C) Wide-scan EPR spectrum S cell
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Ficure 8: Effects of the microwave power on EPR spectr&ts

cell membranes containing glutamine-substituted PAL mutants of
cyt bsei. The spectra were recorded at 200 (1), 50 (2), 12.8 (3), 3.2
(4), 0.8 (5), or 0.2 (6) mW. Signal intensities were normalized for
the total protein concentration in the individual samples. Spec-
trometer conditions were: microwave frequency, 9.60 GHz;
modulation frequency, 100 kHz; modulation amplitude, 10 G; and
temperature, 8 K. The two lowest panels represent difference EPR
spectra derived from the upper panels as indicated. The spectrum
of purified wild-type (WT) cytochrome expressed 8f9 cells
(collected at 4 mW) is shown in the two upper panels for a
comparison.

membranes containing the H88Q mutant. Membranes were sus-

pended in 20 mM Tris at pH 7.2 containing 20% glycerol. Signal
intensities are normalized for the total protein concentration and
for the relative level of wild-type cytochrome expression in the
corresponding batch @f9cells. Spectrometer conditions: micro-
wave frequency, 9.60 GHz; microwave power, 1 mW; modulation
frequency, 100 kHz; modulation amplitude, 10 G; and temperature,
8 K.

during culture) showed no significant EPR signals (Figure
7B), indicating that the host cell membranes have negligible
endogenous EPR-active species.

It is clear from the EPR spectra in Figure 7A that tyrosine
substitution at His54 or His161 did not result in the ligation
of either hemeg8); methionine substituted at those positions
may have become a ligand (much as reported in5@f
producing a complicated situation in which multiple new
low-spin signals with slightly differeng values can be
observed at high microwave power (not shown). These new
signals could reflect species with slightly different relative
orientations of the remaining histidine and methionis@) (

In any case, the similarity of the spectra for tyrosine,
methionine, and glutamine substitutions at His54 and His122
(panels A and B of Figure 7) indicate that the size and nature
of the substituted residue had little effect on the overall
outcome; it was the loss of the histidine functionality as the
axial ligand that was responsible for the observed effects.

With one set of PAL mutants in which glutamine was
substituted for individual histidines, raising the microwave
power from 1 mW (used for the spectra in Figure 7) to higher
levels, more favorable for highly axial low-spin (HALS)
observation (see the Supporting Information), elicited a signal
atg, = 3.7 in the H88Q and H161Q mutants (Figure 8).
This indicates that a portion of the low-potential heme center
survived the general perturbation of the heme environments
caused by these mutations. Importantly, HALS signals were
not observed in the H54Q and H122Q mutants (Figure 8).
The HALS signals are rather small and under other circum-
stances might have gone unnoticed because the baselines are
far from ideal. To minimize the latter problem, we subtracted
the spectrum of the H54Q or H122Q mutant from that of
the H161Q mutant at each microwave power. The results
(lower two panels in Figure 8) show the appearance of the
HALS signal at high powers more convincingly. The
presence of the negative peak in the H161Q minus H54Q
difference spectrum (lower left panel in Figure 8) reflects
the remarkable differences in saturation properties of the
signal atg ~ 2.95 between the H54Q and H161Q mutants.
These EPR results connect the low-potential (HALS) heme
center with His54 and His122.
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DISCUSSION 2.26, andg, ~ 1.90 (Figure 7). Similar low-spin signals are
known from studies of other cytochromes. An EPR signal
with g, = 2.96 was noted as a minor species in some samples
of cyt bsgy (20, 21, 43, 60) and in unrelated systems with a
mutated cytochromb component§l, 62). This signal has

EPR Signals of Heme in Wild-Type CytbThe experi-
mental data in this study refute arguments that legyt is
other than a two heme-containing protein. Burbaev et#d). (

found.that theg, = 3.1 signal shift_s toa Iowerfigld with .the been identified as a “relaxed” conformation tftype
lowering of the temperature and interpreted this as evidenceqyiochrome, in which the strain on heme ligation imposed
for a third heme in cybse1. We reproduced the earlier data by the native protein is remove63). The signal withg, =

in the present experiments by varying the microwave power 5 4o g, = 2.26, g ~ 1.90 resembles those of cyt P-450
but also found that similar spectral changes could be (64) ’anyd P—A;50,rnximics.q5—68). These are hemeproteins
demonstrated with cytochrome (Flgure 2B). Thus, W€ \where one of the axial ligands is cysteine and the other is
believe that the pseudo-heterogeneity ofghe= 3.1 signal either water, OH, histidine, or proline. Cybsg; contains

is best explained as an artifact that can occur at high POWETonly two cysteines; in the model of Bashtovyy et &), (

and/or low temperatures. _ ~ these cysteines are located near the M-side heme center. If
Wanduragala et al.4@) observed that their preparation thjs model is accurate, Cys57 might replace His54 or Cys125
exhibited only a nominal quantity of tige = 3.7 signal and  mjght replace His122 under the disruption caused by a PAL
raised doubts that this signal originates from an authentic yytation?
heme center in purified cybss. From the power and Identification of Axial Ligands for Cytds; Hemesln a
temperature dependencies@f= 3.1 and 3.7 signals (see gimple scenario, the absorption spectra of PAL mutants
the Supporting Information), one can conclude that the ghoyd be sufficient to determine whether particular amino
quantity of low-potential heme was substantially underesti- acid residues furnish axial ligands to the byg; hemes. With
mated by Wanduragala et a43) because the EPR conditions  one putative axial ligand eliminated by mutation to glutamine,
that they employed (20 mW and 15 K) are far from optimal the affected heme should be converted to a five- or
for observing theg, = 3.7 species. To address concerns gix-coordinated high-spin species, with one axial ligand
similar to those raised by Wanduragala et @3)(that  provided by the unaffected histidine and the second ligand
isolation of cythss; or even preparation of membranes from  sjte peing either vacant or occupied by water or hydroxide.
CG cou_lq cause partial_ denaturati_on and the appearance ofp, this scenario, the second heme of byé; is unaffected
an additional, non-native EPR signal, we recorded EPR py mutation and remains low-spin; the resulting absorption
spectra of freshly prepared CG. The resulting EPR spectrumgpectrum of the PAL mutant exhibits a combination of low-
(trace 1 in Figure 1) shows the same EPR signals ob&yt  and high-spin features in the Soret and retains roughly half
that are characteristic of the purlfle_d and membranous of the intensity in thex-band, where high-spin species have
samples of endogenous and recombinantheyt with or little contribution. The absorption spectra of PAL mutants
without a His tag 10, 20-22, 40-42). (parts B and C of Figure 5) indirectly confirm the role of
Kipp et al. @4) discussed the possibility that an EPR signal the targeted histidines as axial ligands because, in addition
may be caused by electronic interactions between hemesyo the typical low-spin peaks, there are some high-spin
situated on separate molecules of a cytochrome containingfeatures in the Soret and in the near-infrared regions that
just one heme, thus generating the additional EPR signal,are absent in the wild-type spectrum (Figure 5A). Although
which was, in their view, misinterpreted as the signal of a the spectra of four different types of control membranes
second heme center in dys.. There are several difficulties  (Figure 5B) convincingly demonstrate that endogenous
with this proposal, with the most telling being that the= hemeproteins did not interfere, it was not possible to make
3.7 resonance should shift to a position approximately a firm estimate of the heme/protein stoichiometry for the
midway between thg, = 3.7 andg, = 3.1 signals in partially ~ PAL mutants in theSfo membrane$,and thus a definitive
reduced cytochrome, in which most of the high-potential judgment on axial ligation of cybse; could not be made
heme is in the diamagnetic, ferrous state. There is no shiftysing optical spectra alone.
in the g, = 3.7 position in the spectrum of semireduced  Further insights into the consequences of PAL mutations
protein published by Burbaev et akl), which we now  were obtained from the EPR spectra $f9 membranes
confirm (inset in Figure 1). expressing cybse; (Figure 7). The initial expectation was
Thus, our data provide persuasive evidence for the that the mutation of either axial ligand to a given heme would
presence of only two types of hemes in dy:. This is perturb only the EPR signal of the affected heme, leaving
consistent with the demonstration that optical changes during
reduction are well reproduced using only two components < The appearance of a P-450-like form of &yt; under denaturing
(Figure 4C) and with the published stoichiometry of heme/ conditions was noted by Wanduragala et al. [Wanduragala, S.,
protein close to 2 in the endogenoyd) and recombinant ~ Wimalasena, D. S., Haines, D. C., Kahol, P. K., and Wimalasena, K.
(2003) pH-induced alteration and oxidative destruction of heme in
(20, 22) cytochrome. There appears to be no further need to purified chromaffin granule cytochromise:: Implications for the

develop models that require other than two hemes per oxidative stress in catecholaminergic neurdischemistry 423617
polypeptide of cytbse. 3626], but they did not definitively connect the observed signal with a

. . . P-450-like center because they observed a variation in the relative
Low-Spin Heme EPR Signals in PAL Mutantthe amplitudes of the two components git= 2.46 and 2.26, supposedly

mutations of PAL of cytbse: led to the loss of the  theg, andg, of the same signal. We suggest that this variation occurs
characteristic low-spin signals from the native high- and low- because the, of all three minor forms of cybse, discussed in this

; ; inh_enidaper [the pH-dependent form witlh = 2.84, the species with a
potential hemes and the appearance of an intense high spn!?relaxed,, conformation,  2.96). and the P-450-like species wigh

signal atg ~ 6, a low-spin Si_gna_l withg, = 2.96 andgy = = 2.46] overlap around = 2.26 and thus make the EPR amplitude at
2.26, and a second low-spin signal wigh = 2.46, g, = gy sensitive to the relative amounts of these three minor forms.




EPR of Adrenal cytsg; Biochemistry, Vol. 46, No. 29, 2008655

MDA

M-side heme center
En=60mV,g,=37 L

Intravesicutar

(matrix) pH 5.5

7 il
IwIE

Extravesicular
(cytoplasm) pH7.0

C-side heme center e C

N Em=160mV,gz=V\
ASC MDA

Ficure 9: Topological model of adrenal cig; in the CG membrane. The axial ligation of heme centers is based on proposals by Degli
Esposti et al. 35) and Okuyama et al49) and on the results of the present study. The disposition of the low-potential heme on the M side

and the high-potential heme on the C side of the membrane is justified in the text. According to the current paradigm, cytoplasmic ascorbate
is oxidized to MDA by cythse;, which shuttles electrons across the membrane and reduces MDA in the matri,Vidig/pe H™-ATPase

(not shown) maintains a transmembrarnedfectrochemical gradient. Its membrane potential comporentmay be important for driving

electrons against the gradient of the redox potentials of two hemes of the cytochrome, as discussed in the text. Histidines 122, 54, 161, and
88, marked with boxes, are putative axial ligands to the hemes. ASC, ascorbateyantembrane potential.

the signal of the second heme unchanged. Instead, anyKulmacz, R. J., manuscript in preparation). In murine cyt
substitution at any one of the four PAL histidines resulted bseg;, mutation to alanine of the histidine corresponding to
in a similar pattern of changes in the EPR spectrum describedHis110 did not affect its absorption spectrui). Taken
above. The observation of changes in the EPR spectrum oftogether with the results of site-directed mutagenesis of PALs
each of the mutants with affected PALs demonstrates thatpresented here, the accumulated evidence bring the earlier
modification of any of them disrupts the heme environment predictions 85, 49) of axial ligation of hemes in cybss:

and thus validates the models of molecular organization of past the tipping point and leave little doubt that the heme
cyt bses introduced by Esposti et al. and Okuyama et3h, ( ligation scheme in these models is correct.

49). The global effects of the PAL mutations in dy are The Concept of a Structural Unit Containing Both Heme
reminiscent of results with the cytochrontesubunit of  cepers of Cyt k. The EPR spectra of mutants in axial
qumol:fumarate reductase frorWo!mgI!a Succinogenes ligand residues (Figures 7 and 8) demonstrate that signals
where mutation of any of the four histidines predicted to be from both heme centers in cigte: are changed dramatically

axial Ilg_andsf ttho thet hgmef@_ result?dfltr;] "t“i_ot'_rd_”o in response to alteration of just one and any one of the four
expression of the protei7(). Assignment of those histidines axial ligands to the two hemes. To account for this behavior,

asl\?x;altlhgand? ;/;]/as Iater.cc_)nﬂrrr]rjetqd.by crysftgllogrgp?t?.(_ we hypothesize that the two hemes and their axial ligands
a drel:gl IOCn?t? (zirsegrgalﬂ?sgloés 'E;r?g rliissl 1;8)3 InI’OdOlY(I:r(l,e are linked parts of a major structural unit in dy; that we
recombina¥1t 56rt)teins wi,th EPR s ectra generall psimilar to term the "kernel”. Perturbation of any of the axial ligands
P! bectia g y leads to structural changes in the whole kernel, including
that of the wild-type cytochrome (Liu, W., Rogge, C., o
coordination changes at both heme centers.

Shinkarev, V., Tsai, A.-L, Kamensky, Y., Palmer, G., and ) ]
Three observations illustrate the global response of the

5 Attempts to estimate the quantity of PAL mutant proteinsSfa kemel to modlflcathn of any Of_ its key elements. First, the
cell membranes by immunoblotting did not produce satisfactory results Ofiginal high-potential heme signal @& = 3.1 was not
because the PAL mutants were refractory to extraction with SDS at observed in any of the four PAL mutants, suggesting that

room temperature; heating clte; in SDS causes aggregation of the inhe ; ;
protein [Duong, L. T., and Fleming, P. J. (1982) Isolation and properties the high-potential heme center was fully disrupted even

of cytochromebse; from bovine adrenal chromaffin granulek, Biol. though its own axial ligands were not mutated. Second,
Chem. 2578561-8564]. although the P-450-like signal most likely originates from
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the M-side heme 3), with the nearby cysteine residues application. We thank Dr. Gary Gerfen for discussion of
(Figure 9), the signal witlg, = 2.46 appears not only in  “passage artifacts” in EPR spectra and Dr. Alexander
mutants of His54 and His122 at the M-side center but also Konstantinov for critical reading of the manuscript. We are
in mutants of His88 and His161 at the C-side center (Figure very grateful to Drs. Han Asard and Tibor Pali for sharing
7). Third, in the framework of the model of Bashtovyy et the coordinates of their cys; computational model, to Dr.

al. (3), it is conceivable that when His88 is mutated it can Jayashree Soman for help with molecular graphics, and to
be replaced by His92. However, the model does not have Ms. Reva Kakkar and Mr. Dazhe Cao for assistance in
any histidine residues that could replace His54, His122, and preparingSfO membrane samples.

His161 as axial ligands. The signal of a bis-histidine-ligated

hemoprotein afj ~ 2.96 observed when those histidines were SUPPORTING INFORMATION AVAILABLE

replaced by glutamine (Figure 7B) must originate from the
opposite heme center, which was not directly affected by lo

mutation and yet was partially transformed into a “relaxed temperature and power dependencies of the EPR signals of

conformation 6.3)' o . ~ the two hemes. This material is available free of charge via
The mechanism for transmitting changes in the vicinity the Internet at http://pubs.asc.org.
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