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Abstract Tumor suppressor protein 101F6, a gene product

of the 3p21.3 (human) and 9F1 (mouse) chromosomal

region, has recently been identified as a member of the

cytochrome b561 (Cyt-b561) protein family by sequence

homology. The His6-tagged recombinant mouse tumor

suppressor Cyt-b561 protein (TSCytb) was recently

expressed in yeast and purified, and the ascorbate reduc-

ibility was determined. TSCytb is auto-oxidizable and has

two distinct heme b centers with redox potentials of*40 and

*140 mV. Its split a-band in the dithionite-reduced spec-

trum at both 295 and 77 K is well resolved, and the separa-

tion between the two a-peaks is *7 nm (*222 cm-1).

Singular value decomposition analysis of the split a-band in

the ascorbate-reduced spectra revealed the presence of two

major spectral components, each of them with split a-band

but with different peak separations (6 and 8 nm). Similar

minor differences in peak separation were obtained when the

split a-bands in ascorbate-reduced difference spectra at low

(\1 mM) and high ([10 mM) ascorbate concentrations

were analysed. According to low-temperature electron

paramagnetic resonance (EPR) spectroscopy, the two heme

b centers are in the low-spin ferric state with maximum

principal g values of 3.61 and 2.96, respectively. These

values differ from the ones observed for other members of

the Cyt-b561 family. According to resonance Raman

spectroscopy, the porphyrin rings are in a relaxed state. The

spectroscopic results are only partially in agreement with

those obtained earlier for the native chromaffin granule

Cyt-b561.
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Introduction

Cytochromes b561 (Cyts-b561) constitute a newly identi-

fied family of integral membrane proteins. These are trans-

membrane ascorbate (ASC)-reducible two-heme proteins

with six trans-membrane helices (Tsubaki et al. 2005).

There are four well-conserved His residues located in four

consecutive trans-membrane a-helices for binding of the

two hemes. Such proteins have recently been identified in a

great variety of organisms, including invertebrates, verte-

brates, and plants (Asard et al. 2001; Bashtovyy et al. 2003;

Verelst and Asard 2003; Tsubaki et al. 2005). The first

member of the Cyt-b561 protein family that was discovered

is the chromaffin granule cytochrome b561 (CGCytb). This

protein was found to function as an electron transporter

providing electrons from cytosolic ASC to intravesicular

dopamine b-hydroxylase (Flatmark and Terland 1971;

Kelley and Njus 1986; Kent and Fleming 1987; Fleming

and Kent 1991). CGCytb was first purified from bovine

adrenal glands (Apps et al. 1980; Flatmark and Grønberg

1981; Wakefield et al. 1984) and its physico-chemical

properties were established (Apps et al. 1984; Tsubaki et al.

1997; Takeuchi et al. 2001, 2004). The bovine and mouse
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CGCytb have recently been cloned and expressed in yeast,

insect, and bacterial cells (Bérczi et al. 2005; Liu et al. 2005,

2007), and the recombinant proteins have been purified

and characterized; their physico-chemical properties are

identical to the native bovine protein.

Three mammalian and one plant Cyts-b561, namely

CGCytb, the duodenal Cyt-b561 (DCytb; [McKie et al.

2001]), the lysosomal Cyt-b561 (LCytb; Zhang et al. 2006),

and the tonoplast Cyt-b561 (TCytb; Griesen et al. 2004)

showed ASC-dependent trans-membrane ferrireductase

activity when expressed in yeast cells (Su and Asard 2006;

Bérczi et al. 2007). However, only DCytb has been dem-

onstrated to be involved in animal iron metabolism (McKie

et al. 2001). CGCytb participates in ASC regeneration,

while the biological function of LCytb and TCytb has not

yet been elucidated.

A human tumor suppressor protein (the 101F6 protein)

has also been identified as putative member of the Cyts-

b561 (Lerman and Minna 2000; Ponting 2001; Tsubaki

et al. 2005). The mouse orthologue was also identified and

shown to be 85 and 95% identical to the human sequences

at the cDNA and protein sequence level, respectively

(Lerman and Minna 2000). Both proteins have six trans-

membrane a-helices with (1) 222 residues, (2) the N- and

C-termini in the cytoplasm, and (3) four well-conserved

histidine residues for (4) binding with two heme b pros-

thetic groups. The 101F6 mRNA was widely expressed in

tissues, and the mouse mRNA was especially abundant in

liver, kidney, and lung (Mizutani et al. 2007), while the

human protein was most abundant in liver, placenta, and

lung (Lerman and Minna 2000). Elevated expression of

101F6 in tumor cells significantly inhibited cell growth;

and intratumoral injection of recombinant adenovirus-

101F6 gene vectors as well as systemic administration

of protamine-complexed adenovirus-101F6 gene vectors

significantly suppressed tumor xenograft growth (Ji et al.

2002). Ohtani et al. (2007) recently found that nanoparti-

cle-mediated 101F6 gene transfer and a subpharmacolog-

ical concentration of ASC synergistically and selectively

inhibited tumor cell growth by caspase-independent

apoptosis and autophagy both in vitro and in vivo. c-Myc-

tagged mouse 101F6 protein has recently been expressed in

Chinese hamster ovary cells, and immunofluorescence

microscopy was used to localize the recombinant proteins;

they were found in small vesicles, including endosomes

and endoplasmic reticulum of the perinuclear region

(Mizutani et al. 2007). The His6-tagged mouse orthologue,

called TSCytb, and the His8-tagged human 101F6 protein

have very recently and independently been expressed in

yeasts, and the highly purified proteins showed typical Cyt-

b561 spectra both in their oxidized and ASC- or dithionite-

reduced forms (Bérczi and Asard 2008; Recuenco et al.

2009).

To better understand the molecular action mechanism of

TSCytb and its role in tumor suppression, we studied in

detail the spectral properties of the two heme groups

embedded in the protein and essential for its function.

In this paper we provide evidence for the mouse TSCytb to

be a two-heme-containing b-type cytochrome and identify

the differences between TSCytb and other previously

characterized Cyt-b561 proteins.

Materials and methods

Cell growth, membrane preparation, protein

purification

Yeast cell growth, microsomal membrane preparation, and

protein purification by affinity chromatography were per-

formed as detailed previously (Bérczi and Asard 2008).

Briefly, mouse TSCytb (the sequence corresponds to

GenBank protein entry NP_062694) with a C-terminal

His6-tag was cloned into a pESC-His expression vector

(Stratagene, La Jolla, CA, USA) and grown in yeast

cells (Saccharomyces cerevisiae, strain YPH499: ura3-52

lys2-801amberade2-101ochre trp1-D63 his3-D200 leu2-D1)

according to the manufacturer’s instructions (Stratagene) at

30�C in a benchtop incubator shaker (Excella E24R, New

Brunswick Scientific, Edison, NJ, USA). Cells were broken

by a bead-beater (Biospec Products, Bartlesville, OK,

USA), and the stripped microsomal membrane fraction was

obtained by differential centrifugation steps. Membrane

vesicles were solubilized by sucrose monolaurate (SML;

Dojindo, Tokyo, Japan) and the His6-tagged recombinant

mouse TSCytb (hereafter TSCytb) was purified to almost

homogeneity by affinity chromatography using Ni–NTA

His-Bind resin (Novagen, Madison, WI, USA). Purified

TSCytb was stored in phosphate buffer [50 mM NaH2PO4,

pH 7, 10% (w/v) glycerol, 0.1% (w/v) SML] at -80�C

until use. The very same phosphate buffer was used in all

spectroscopy.

Protein was measured according to Markwell et al.

(1978), using BSA as the standard and deoxycholate as

detergent in the presence of phosphate buffer and SML

both in standards and in samples.

UV–VIS spectroscopy and redox titration

Absorption spectra, time-dependent absorbance changes at

fixed wavelength, and optical redox titration were recorded

at room temperature in split beam mode (with appropriate

buffer as reference) with an OLIS-updated SLM-Aminco

DW2000 spectrophotometer (OLIS, Bogart, GA, USA)

with 2 nm slit width and under continuous stirring. The

cuvette was equipped with a homemade lid for housing the
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reference electrode (customized EE009 ‘‘no leak’’ Ag/AgCl

reference mini-electrode, Sypress Systems, Chelmsford,

MA, USA), the platinum electrode, the gas inlet and outlet,

and an inlet for additions. Anaerobic conditions were cre-

ated by continuous streaming of humidified N2 or Ar gas

over the solution in the cuvette. Anaerobic measurements

started after 15–20 min of equilibration of the solution in

the cuvette. The spectrum of oxidized TSCytb was always

recorded first and the dithionite-reduced spectrum was

recorded last. When improvement of the signal-to-noise

ratio was needed, multiple scans were averaged. If men-

tioned, the cytochrome b content was always calculated

from the dithionite-reduced minus ferricyanide-oxidized

difference spectra by using a millimolar extinction coeffi-

cient of e561nm = 30 mM-1 cm-1 (Tsubaki et al. 1997; Liu

et al. 2005).

Optical redox titration was performed in phosphate buffer

(see above) under Ar atmosphere at room temperature as

detailed elsewhere (Bérczi et al. 2005). Redox mediators used

at 20 lM concentration each were potassium ferricyanide

(?430 mV), 3,6-diaminodurol (?275 mV), FeNaEDTA

(?140 mV), phenazine methosulfate (?85 mV), duroqui-

none (?5 mV), 2-hydroxy-1,4-naphthoquinone (-145 mV),

and ridoflavin-50-monophosphate (-219 mV). Reductive

titration was performed by stepwise addition of sodium

dithionite (5 mM) by a Hamilton syringe. The a-band was

recorded between 540 and 580 nm at appropriate intervals,

and reduced-minus-oxidized difference spectra were used in

data analyses. For obtaining the redox titration curve, each

difference spectrum was integrated between 548 and 570 nm,

the maximum of these values was taken to represent 100%,

and other values were expressed in relation to this reference

value. Experimental points were then approximated by Nernst

equation assuming the presence of two one-electron redox

centers.

Spectrum analysis was performed by using Origin8E

software and/or SPSERV V3.5 (copyright Csaba Bagyinka;

see Branca et al. 2007).

Resonance Raman spectroscopy

Resonance Raman (RR) measurements were carried out on

a Dilor XY-800 Raman scattering spectrometer (Lille,

France) consisting of a triple 800 mm spectrograph, oper-

ating in low-dispersion mode with CCD detection. Spectra

were recorded at room temperature. The excitation source

was a mixed gas Kr/Ar ion laser (Spectra-Physics BeamLok

2060, Mountain View, CA, USA) operating at 413.1 nm.

The protein solution was stirred at 500 rpm to avoid local

heating and photochemical decomposition in the laser

beam. Ten spectra (90–120 s recording time each) were

acquired to allow the removal of cosmic ray spikes. This

was done by eliminating the lowest and highest data points

for each frequency value and averaging the remaining

values. Laser powers in the range of 0.5–60 mW were used.

Samples with protein concentrations between 0.4 and

0.7 mg ml-1 (pH 7.0, at 20�C) were employed.

The dithionite-reduced form of TSCytb was obtained by

flushing the volume above the protein solution (1 ml) by

nitrogen in a cuvette that was sealed air-tight with a septum.

Afterwards 10 ll of 200 mM sodium dithionite in phosphate

buffer was added to the cuvette with a Hamilton syringe.

EPR spectroscopy

The X-band (microwave frequency of 9.43 GHz) contin-

uous-wave (CW) electron paramagnetic resonance (EPR)

spectra of TSCytb in detergent micelles and in phosphate

buffer were recorded on a Bruker ESP300E spectrometer

(Rheinstetten, Germany) equipped with a gas-flow cryo-

genic system (Oxford Inc., Oxford, UK), allowing for

operation from room temperature down to 2.5 K. The

magnetic field was measured with a Bruker ER035 M

NMR Gaussmeter (Rheinstetten, Germany). The presented

CW-EPR spectra were recorded with a microwave power

of 2 mW, modulation amplitude of 0.5 mT, and modu-

lation frequency of 100 kHz. The EPR tubes with the

frozen sample solution were attached to a vacuum line

during the EPR experiment in order to remove the para-

magnetic O2. The EPR spectra were simulated using

EasySpin (Stoll and Schweiger 2006), a toolbox for the

MATLAB program.

Results

UV–VIS spectroscopy

TSCytb has recently been expressed in yeast (Saccharo-

myces serevisiae) cells and purified to almost homogeneity

in detergent (sucrose monolaurate-containing) micelles

(Bérczi and Asard 2008). It was also shown that a His6 tag

on the C-terminus did not influence the UV–VIS spectra of

the protein in the 500–600 nm region. Although the pres-

ence of a split a-band in the spectra of reduced TSCytb was

evident already at room temperature, the two a-peaks

become clearly separated in the low-temperature spectra

measured at 77 K (Fig. 1a). When reduced-minus-oxidized

difference spectra obtained at room (297 K) and low

(77 K) temperatures were compared (Fig. 1b), the charac-

teristic wavelength shifts of the absorption peaks in the

split a-band were well resolved. As revealed by spectrum

analysis, the separation between the two peaks of the split

a-band is *7 nm (*222 cm-1), both at 297 and 77 K, and

the two maxima shift 2.5 nm towards lower wavelengths

(blue-shift) with decreasing temperature.
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Ascorbate-dependent reduction

We showed earlier that the reduction of TSCytb by

ascorbate did not saturate even at 75 mM ascorbate (Bérczi

and Asard 2008). The split a-band in the absolute spectra of

ascorbate-reduced TSCytb obtained at room temperature

(Fig. 2a) was analyzed at low ascorbate ([ASC] \ 1 mM)

and high ascorbate ([ASC] [ 10 mM) concentrations using

the method of Kamensky et al. (2007). A high-affinity

(HA) spectrum and a low-affinity (LA) spectrum were

resolved (Fig. 2b).

Spectrum analysis revealed that both spectra have a

split a-band with 8 and 6 nm peak separations,

respectively (Fig. 3a, b). Furthermore, when the whole set

of absolute spectra of ascorbate-reduced TSCytb was

subjected to a singular value decomposition (SVD) anal-

ysis (Shrager 1986; Henry and Hofrichter 1992), two

main SVD components (SVD1 and SVD2) were resolved

(Fig. 2c, d). Spectrum analysis of these two SVD com-

ponent spectra revealed again the presence of two peaks

in each SVD component spectrum with very similar peak

separations to those of the HA and LA component spectra

(Fig. 3c, d).

Table 1 contains the summary of spectral parameters

obtained for the component spectra in the two different

spectrum analyses. Note that the accuracy given in Table 1

serves as a measure of the reproducibility and consistency

of the different decomposition analyses but does not take

into account the general experimental error introduced in

all measurements by the use of a 2 nm slit width.

Auto-oxidation

There are two indications that TSCytb is an auto-oxidizable

cytochrome. First, if no ascorbate is present in the buffer,

or if the ascorbate-containing buffer is exchanged with an

ascorbate-free buffer by a fast desalting chromatography

step at the end of the purification procedure, the highly

purified protein is always in its oxidized form. Secondly,

when the absorption of freshly prepared dithionite-reduced

TSCytb is monitored in air at the Soret band, the absor-

bance at 428 nm changes only slightly for a while, and then

suddenly and sharply drops, followed by a slower phase of

gradual decrease (Fig. 4a). When the redox potential of the

medium is monitored in parallel with the absorbance

change, the very low redox potential at the start of the

experiment (in the presence of dithionite in the cuvette)

gradually increases at an increasing rate. At the time point

where the fast absorbance change at 428 nm starts, the rate

of the redox-potential change reaches a maximum. The

redox-potential value levels off at a high redox-potential

value, as the absorbance change becomes small (Fig. 4a).

Above a certain initial dithionite concentration (*0.6–

0.7 mM), the phenomenon described above is independent

of the initial amount (concentration) of dithionite added;

only the duration of the very first slow absorbance change

increases with increasing initial concentration of dithionite

applied. If the absorbance is plotted as a function of the

redox potential, a typical redox titration curve is obtained

(Fig. 4b). The experimental points fit very well to the

theoretical curve obtained using a Nernstian equation and

assuming that there are two one-electron redox centers in

TSCytb with different redox potentials (?22 and

?147 mV). This phenomenon does not occur when

humidified nitrogen or argon gas is continuously present in

the cuvette.
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Fig. 1a, b UV–VIS spectra of TSCytb in SML micelles in phosphate

buffer at pH 7. a Spectra of fully oxidized (o), ascorbate reduced

(50 mM, a), and dithionite reduced (5 mM, d) TSCytb were recorded

with 2 nm slit width, 50 nm/min scan rate, 2 mm optical path at

0.5 mg/ml protein concentration, and 77 K. The inset shows the split

a-band in the (a ? b)-band region (500–600 nm) of the reduced-

minus-oxidized difference spectra. b Comparison of the dithionite

reduced-minus-oxidized difference spectra of TSCytb recorded at 77

and 297 K. The optical path was 2 and 10 mm for the 77 and 297 K

measurements, respectively. Otherwise all parameters were identical

to a
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Optical redox titration

The presence of two hemes with different redox potentials

is characteristic for Cyt-b561 proteins. Although analysis

of the results of the auto-oxidation experiment has pro-

vided two distinct redox potential values, these values need

verification by conventional redox titrations. Using a broad

range of redox mediators and dithionite, the presence of

two one-electron redox centers in TSCytb was verified by

optical redox titration under anaerobic conditions (Fig. 5).

Analysis of the experimental values resulted in ?43 and

?141 mV (with ±9 mV uncertainty in these fitting

parameters) for the redox potentials of the two hemes in

TSCytb. These are reasonably close to those obtained from

the auto-oxidation experiments or to those published for

other Cyts-b561 proteins (about ?50 and ?150 mV; Apps

et al. 1984; Takeuchi et al. 2001, 2004; Bérczi et al. 2005,

2007). However, they are considerably higher than those

obtained for the human recombinant tumor suppressor

101F6 protein (about ?10 and ?100 mV; Recuenco et al.

2009).

Resonance Raman spectroscopy

The RR spectra of TSCytb in oxidized (as expressed or

ferric) and dithionite-reduced (or ferrous) states are shown

in Fig. 6a, b. The high-frequency region of the RR spectra

of the heme proteins contains a number of well-known

marker bands that are sensitive to the oxidation state, the

spin state, and the coordination of the heme iron (Lou

et al. 2000). The m4, m3, and m2 bands of ferrous TSCytb

are located at 1,357, 1,492, and 1,580 cm-1 (Fig. 6b).

These indicate the presence of low-spin (S = 0) hexa-

coordinated Fe(II) heme in the sample. The band at

1,466 cm-1 is due to the buffer. The oxidized form of

TSCytb displays clear m4, m3, and m2 bands located at

1,373, 1,501, and 1,578 cm-1, typical of low-spin hexa-

coordinated ferric heme (Fig. 6b). In addition, the RR

spectrum of the as-expressed TSCytb shows the same

marker bands as the reduced form of the protein, which is

most notably seen for the m4 band (Fig. 6b). The intensity

of the m4 band at *1,361 cm-1 increases with increasing

laser power, pointing to the occurrence of photoreduction,

a

c d

b

Fig. 2a–d Ascorbate-dependent reduction of TSCytb in SML

micelles in phosphate buffer at pH 7 and 297 K. Steady-state

spectra were recorded in the presence of 0, 0.004, 0.044, 0.444,

0.844, 1.64, 3.64, 7.64, 15.6, 35.6, 75.6, and 115 mM ascorbate

[from bottom (trace 1) to top (trace 12), respectively]. Only the split

a-band region is shown (a). The high-affinity (HA) and the low-

affinity (LA) component spectra were obtained by subtracting trace

3 from trace 5 and trace 8 from trace 12, respectively (b). The SVD

analysis of spectra shown in a resulted in two major components

(c; the diagonal matrix elements, sjj, or the singular values are

presented). Spectra of these major SVD components (SVD1 and

SVD2) are shown in d
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as also reported for other ferric cytochrome and porphyrin

systems (Hurst et al. 1991; Terekhov and Kruglik 1995).

Note that it proved impossible to fully photo-reduce the

system and that the fraction of photoreduction did not

change anymore for laser powers higher than 40 mW. At

that point, the fraction of ferric to ferrous heme was 2:1

as obtained from a fit of the m4 band with a sum of two

Lorentzian functions.

The assignment of the Raman bands in the low-frequency

part of the spectra is based on the work of Spiro and co-

workers on myoglobin (Hu et al. 1996) and cytochrome c

(Hu et al. 1993), and we use here the notation for the Raman

modes adopted by these authors. The depolarized band at

750 cm-1 in the spectrum of reduced TSCytb (Fig. 6a) is

assigned to the m15 and m16, the pyrrole breathing and

deformation modes (Hu et al. 1996; Takeuchi et al. 2004).

The band at *383 cm-1 is assigned to a propionate bending

mode d(CbCcCd); the frequency of this mode is related to the

strength of the hydrogen bonds between the propionate and

nearby amino acids. A frequency of 383 cm-1 corresponds

to strong hydrogen bonding (Uchida et al. 2005). In the

oxidized form of TSCytb, two modes are visible around this

position, one at 379 cm-1 and one at 392 cm-1 (Fig. 6a).

While the band at 379 cm-1 still corresponds to strong

hydrogen bonding between the propionate groups and sur-

rounding residues, a frequency of 392 cm-1 is too high to be

related to a propionate mode (Cerda-Colon et al. 1998).

No clear splitting of the vinyl bending modes, d(CbCaCb),

can be observed; we observed a single peak at 414 (418)

cm-1 of the oxidized (reduced) form of TSCytb. The

bending modes of the two vinyl groups of both hemes thus

coincide. This can be related to a lack of the out-of-plane

distortions of both hemes in TSCytb, i.e., a relaxed heme

configuration (Dewilde et al. 2006).

a b

c d

Fig. 3 Fitting with double Lorentzian curves of HA and LA spectra

(a and b) as well as of SVD1 and SVD2 component spectra (c and d).

The difference spectrum (diff) in each case was obtained by

subtracting the fitted curve from the spectrum under analysis (for

clarity, its position was down shifted on the graphs and the zero line is

represented by a dotted line). Fitted Lorentzian curves are labeled as 1
for the component with the lower peak wavelength and 2 for the

component with the higher peak wavelength

Table 1 Spectral parameters obtained by analyzing (simulating with

double Lorentzian curves) the absolute spectra of ascorbate-reduced

TSCytb at different ascorbate concentrations (see Fig. 2a)

Name of component spectrum a-Peak component (nm)

Peak 1 Peak 2

HA heme spectrum 554.4 ± 0.1 562.4 ± 0.1

LA heme spectrum 556.2 ± 0.2 562.4 ± 0.1

SVD1 spectrum 554.8 ± 0.2 562.6 ± 0.2

SVD2 spectrum 555.6 ± 0.2 562.5 ± 0.1

High-potential heme spectruma 555.6 561.3

Low-potential heme spectruma 557.7 561.6

Data (mean ± SD) are from three independent analyses. Peak 1 is

always the a-peak component at lower wavelength in the split a-band
a Spectral data were calculated from Fig. 4b in Kamensky et al.

(2007)
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EPR spectroscopy

EPR spectra were recorded for the oxidized TSCytb in

detergent micelles and 50 mM phosphate buffer (pH 7) at

5, 10, 15, and 30 K (Fig. 7). A simulation of the spectrum

reveals the presence of five different components. The

signal at g = 4.28 indicated with an asterisk in Fig. 7 is

typical of extra-heme iron and is of no interest for the

further discussion (Takeuchi et al. 2004). Furthermore, an

EPR contribution labelled LS1 is observed with principal

g-values of gz = 2.96, gy = 2.26, and gx = 1.46, where gx

was estimated using the rough approximation that gx
2 ?

gy
2 ? gz

2 = 16 (Walker 1999). The EPR parameters of LS1

are typical of a low-spin ferric heme complex. They can be

related to the ligand-field parameters V/D = 0.58 and

D/k = 3.09 via Taylor’s formulae (Taylor 1977) with V the

rhombic splitting parameter, D the tetragonal splitting

parameter, and k the spin–orbit coupling. Using Blumberg

and Peisach’s truth tables (Blumberg and Peisach 1971),

these ligand-field parameters can give a rough indication of

the identity of the heme iron’s axial ligands. The principal

g-values of LS1 indicate a bis-His coordination of the

heme; the ligand-field parameters fall exactly within the

‘H-type’ region in the truth tables characteristic of hemes

with a histidine as fifth ligand and an aromatic or imino

nitrogen sixth ligand (Blumberg and Peisach 1971). The

EPR signal of LS1 is no longer visible in EPR spectra

recorded at temperatures above 50 K (data not shown).

The signal with gmax = 3.61, labelled LS2, can only be

found at temperatures up to 15 K. Only the low-field fea-

ture of this rhombic signal is clearly resolved, typical of a

so-called highly anisotropic low spin (HALS) ferric heme

species (Walker 1999). The fourth major component,

labelled HS, in the EPR spectrum of ferric TSCytb stems

from a high-spin ferric form with effective principal

g-values gz = 6.20, gy = 5.9, and gx = 1.98. This form is

related to protein denaturation and increases dramatically

when the protein solution is aged. The last contribution to

the EPR spectrum, labelled Cu, has the EPR parameters

g\ = 2.055 and g|| = 2.225, and A\ = 40 MHz and

A|| = 589 MHz for the 63Cu hyperfine coupling. These are

a

b

Fig. 4a, b Auto-oxidation of TSCytb in SML micelles in phosphate

buffer at pH 7 at 297 K. The absorbance change at 428 nm and redox

potential were recorded in parallel (a) after addition of dithionite to

the optical cuvette containing 0.5 mg/ml TSCytb, under continuous

stirring in air. When the absorbance change at 428 nm was plotted as

a function of redox potential (b), a typical redox titration curve was

obtained. The experimental points were fit with a Nernstian equation

assuming two one-electron redox centers with different redox

potentials (continuous curve)

Fig. 5 Redox titration of TSCytb in phosphate buffer (pH 7)

containing 0.1% (w/v) sucrose monolaurate as detergent. Redox

titration was performed under anaerobic conditions by recording the

a-band spectrum between 540 and 580 nm with increasing dithionite

concentration. TSCytb concentration was 1.2 lM. For data analysis,

the reduced-minus-oxidized difference spectra were integrated

between 548 and 570 nm and the difference between the maximum

and minimum values was taken as reference (100%) value; titration is

shown as the percentage of reduced TSCytb vs. bulk potential in the

assay. The curve was calculated by using ?43 and ?141 mV redox

potential values in the Nernstian equation and assuming the presence

of two one-electron redox centers
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typical of a type-II Cu(II) complex with the Cu(II) ion

equatorially ligated to two to four nitrogens (Peisach and

Blumberg 1974). It can be most likely ascribed to Cu(II)

ions that bind to the His-tags during the purification of

TSCytb.

Discussion

Cyts-b561 constitutes a relatively newly identified class

of proteins that is widespread in the plant and animal

kingdoms (Ponting 2001; Verelst and Asard 2003; Tsubaki

et al. 2005). The human genome predicts at least five

Cyt-b561 isoforms (Tsubaki et al. 2005). Cyts-b561 in

mammals have been implicated in such essential physio-

logical functions as iron metabolism (McKie et al. 2001),

vitamin C metabolism (Su and Asard 2006), neuropeptide

synthesis (Njus and Kelley 1993; Asada et al. 2002), and

tumor growth inhibition (Lerman and Minna 2000; Ji et al.

2002; Ohtani et al. 2007). Although the biological impor-

tance of Cyts-b561 is still poorly understood, it is obvious

that it will be closely related to the biochemical activity of

these proteins. Therefore, an understanding of the physico-

chemical properties of these di-heme proteins will signifi-

cantly contribute to the detailed understanding of their

physiological function.

Absorption spectroscopy

When the split a-band in the absolute spectra of the ascor-

bate-reduced TSCytb was analyzed at room temperature by

the SVD technique, two basic component spectra (called

SVD1 and SVD2, Fig. 2d) were enough for the reconsti-

tution of any of the ascorbate-reduced TSCytb spectra with

a precision [95%. Another spectrum analysis (see also

Kamensky et al. 2007) of the very same set of spectra

(Fig. 2a) also revealed the presence of two spectral

a

b

Fig. 6a, b Resonance Raman spectra of TSCytb in SML micelles in

phosphate buffer at pH 7 and 293 K. The low-frequency (a) and high-

frequency (b) region of the RR spectra of the oxidized (o) and the

reduced (r) TSCytb are presented. Reduction of TSCytb was done by

adding 10 ll of saturated dithionite solution to 1 ml of *50 lM

TSCytb. The asterisk indicates solvent modes

E
P

R
si

gn
al

Fig. 7 X-band CW-EPR spectra of of TSCytb in SML micelles in

phosphate buffer taken at pH 7 at a 30 K, b 15 K, c 10 K, and d 5 K

temperatures. The simulations of the EPR contributions of the

different species: total simulated spectrum (a0) with components LS1

(b0), LS2 (c0), HS (d0), and Cu (e0). The simulations were performed

using the EPR parameters mentioned in the text
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components: the so-called high-affinity (or high-redox

potential) and low-affinity (or low-redox potential) heme

spectra.

Both the SVD1 and SVD2 spectra and the HA and the

LA spectra showed a split a-band. Moreover, the separation

between the two a-peaks was *8 nm (*255 cm-1) in the

HA heme and in the SVD-1 component spectra, while it

was *6 nm (*191 cm-1) and *7 nm (*221 cm-1) in

the LA heme and in the SVD-2 component spectra,

respectively. The contribution of the Lorentzian compo-

nents to the appropriate a-band spectrum was always

50 ± 10% (Fig. 3). These results are only partly in

agreement with the spectrum analysis results obtained with

highly purified recombinant bovine CGCytb (Kamensky

et al. 2007). For the high-potential heme spectrum of

CGCytb, which is the equivalent of the HA heme spectrum,

Kamensky et al. (2007) reported a split a-band with pos-

sible peak separation of *6 nm, while the a-band in the

low-potential heme spectrum was said not to be split.

However, a clearly asymmetric a-band is visible in the

low-potential heme spectrum (see Fig. 4b in Kamensky

et al. 2007).

We have approximated each of the low-potential and

high-potential heme spectra, published by Kamensky et al.

(2007), with two Lorentzian absorption bands and shown

that each of them can be composed from two Lorentzian

absorption peaks (Table 1). The separation between the

two a-peaks as well as the contribution (the weight) of the

two peaks to the split a-band are different in the two

component spectra. The separation of the two peaks is

*6 nm (*182 cm-1) and *4 nm (*125 cm-1) in the

high-potential and low-potential heme spectra, respec-

tively. Thus the separation of the two a-peaks in the split

a-band is systematically larger in spectra of TSCytb than in

spectra of CGCytb.

From the principle of SVD analysis, it is clear that the

SVD1 component spectrum represents the average of

spectra participating in the analysis. The SVD2 compo-

nent spectrum gives information on how the SVD1

component spectrum is modified at most. However, the

SVD component amplitude for the SVD2 component

spectrum was always at least one order of magnitude

lower than that of the SVD1 component spectrum (See

Fig. 2c). Further SVD component spectra thus contribute

to the modification to an even much smaller extent. It is

worth mentioning at this point that the spectral location of

the second fitted component of the split a-band (the one

at the higher wavelength) had very little variance

(562.3–562.7 nm) and was independent of the kind of

spectral analysis. The spectral location of the first com-

ponent in the split a-band (the one at the lower wave-

length), however, shifted about 2 nm from a lower

wavelength value (*554.5 nm) to a higher wavelength

value (*556.5 nm). Since this shift is rather smooth, we

interpret this result as a sign of having one heme in a

rather stable micro environment and one heme in a micro

environment that is somehow influenced by the increasing

concentration of ascorbate.

It has long been known that some heme proteins (among

them Cyts-b561 as well) have an asymmetric a-band, and

this band splits into two separated a-peaks in the low-

temperature spectra (Hagihara et al. 1974; Kamensky and

Palmer 2001). The presence of two a-peaks, however,

cannot be direct evidence for the presence of two hemes in

the Cyts-b561. Band asymmetry or spectral splitting in the

a(Q0,0) absorption band can also be seen both in the low-

temperature (77 K or lower) and high-temperature (270 K

or higher) spectra of single-heme-containing proteins

(Hagihara et al. 1974), such as cytochrome b5 (Bois-

Poltoratsky and Ehrenberg 1967), cytochrome b562

(Wagner and Kassner 1975), or cytochrome c (Wilson

1967; Reddy et al. 1996). All the separation values of

a-peaks given in Table 1 are in good agreement with val-

ues published for different one-heme-containing proteins

(Reddy et al. 1996). The spectral splitting in the a(Q0,0)

absorption band has been attributed to (1) distinct axial

ligation arising from two porphyrin orientational isomers

(La Mar et al. 1984), (2) two nearly degenerate electronic

transitions and the asymmetry in the heme pocket of the

protein that arises from the surrounding polypeptide chain

(Reddy et al. 1996), (3) various sites produced by the

alignment of electric field axes at different angles with

respect to the molecular axes of the porphyrin (Leenstra

1979), or (4) the Jahn–Teller type distortions (Jahn and

Teller 1937; Pearson 1975).

According to the Jahn–Teller theorem, the overall

symmetry of a system will be lowered if a lower symmetry

leads to a lower overall energy. All nonlinear polyatomic

molecules of sufficiently high symmetry to possess orbi-

tally degenerate electronic states will be subject to the

Jahn–Teller instability. Hemes in most proteins very

probably fulfill all criteria needed for experiencing the

Jahn–Teller effect. However, the Jahn–Teller effect is

weak when the number of d-electrons is five (http://en.

wikipedia.org/wiki/Jahn-Teller_effect).

Since the asymmetric a-band, observable already at room

temperature and at micromolar concentrations of ASC, does

not split further (only experiences a blue shift) when the

temperature is decreased from 297 to 77 K, the 4–8 nm

separation of the two a-peak components in the reduced

spectrum of Cyts-b561 most probably refers not to lifting the

orbital degeneracy but provides experimental proof for the

presence of distinct micro environments for the two hemes.

The nature of the differences in the micro-environments of

the two hemes in Cyts-b561, however, remains a subject for

further studies.
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Redox potentials

For CGCytb, the redox potentials are around 50 and

150 mV, while they seem to be definitely lower for TSCytb

as well as for the recombinant human 101F6 protein

(Recuenco et al. 2009). The alteration might be the result

of the different redox potential determination methods and/

or detergents employed. However, it should be noted that

the conservation of the primary structure between the two

Cyts-b561 is rather low (Fig. 8a)—only 19% between the

bovine CGCytb and the mouse TSCytb. It is well-known

that even minor differences in the amino acid sequences

(e.g., one point mutation) can cause differences on the

order of tens of millivolts in the redox potential of hemes

(Shifman et al. 2000). It seems, however, that the

100–120 mV potential difference between the redox

potentials of the two hemes in Cyt-b561 proteins is a strong

characteristic feature for these proteins.

Resonance Raman spectroscopy

In the RR spectrum of oxidized TSCytb only a single set of

Raman bands corresponding to heme skeletal and heme

peripheral modes can be observed, despite the observation

of two distinct low-spin ferric heme forms in the EPR

spectra. This is normal, since the main difference between

the two sites lies in the modes of the axial ligands

(orientation of His imidazole planes), which are hardly or

not observable for low-spin ferric heme proteins by RR

spectroscopy. No clear evidence of the high-spin ferric

species (HS) visible in the EPR spectra of TSCytb (Fig. 6)

is found in the resonance Raman spectra (Fig. 5). This

indicates that it constitutes a minor population in the pro-

tein sample and confirms the earlier identification of the

signal as a denaturated state of the protein. Note that it is

difficult to determine the relative contributions of the LS

and HS ferric species in the EPR spectrum because of their

large differences in electron spin and relaxation properties.

Only a single vinyl mode can be observed in the RR

spectra of the ferric and ferrous TSCytb, agreeing with a

lack of out-of-plane distortions of the pyrrole rings due to

the rigidity of the bis-histidine coordination in both forms

(Hu et al. 1996; Dewilde et al. 2006). This is corroborated

by the absence of a strong band in the region of the out-of-

plane c7 mode (290–310 cm-1), which indicates a relaxed

state where the iron lies within the porphyrin plane (Hu

et al. 1996).

The fact that the photoreduction of ferric TSCytb lev-

eled off upon increase of the laser power and no full

reduction could be observed indicates that one of the hemes

is resistant to photoreduction. This behavior has also been

observed for neutrophil cytochrome b558 (Hurst et al.

1991) and is related to the difference in redox potential of

the two hemes.

Fig. 8 Comparison of the CB domain region of four Cyts-b561 for

which detailed spectral analysis is available (a) and the CB domain of

TSCytb as it might be in membranes (b). a The four highly conserved

His residues (H), the two bis-His coordinated hemes (red circle
between dashes),and the four consecutive trans-membrane helices

(TM2 through TM5, bold and underlined amino acids) are shown

marked in the primary sequences of bovine CGCytb (Bot-CGCyt),
mouse CGCytb (Mum-CGCytb), mouse 101F6 protein (Mum-TSCytb),

and the Arabidopsis tonoplast Cyt-b561 (Art-TCytb). The putative

ascorbate free radical binding motif (SLHSW) is boxed. The arrows
point to Met (M) residues mentioned. b The four highly conserved His

residues (H), the four putative heme-coordinating Met residues (M),

and the four consecutive trans-membrane helices (bold and underlined
amino acids) are shown in the CB domain of TSCytb. Arrows show the

consecutive reading of the amino acid sequence. Multiple alignment

was obtained by CLUSTALW2 (http://www.ebi.ac.uk/Tools/

clustalw2/index.html). Trans-membrane helices were obtained by

using the HMMTOP prediction (Tusnády and Simon 1998, 2001)
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EPR spectroscopy

The EPR experiments indicate the presence of two differ-

ent low-spin ferric heme species in the as-expressed

TSCytb (LS1 and LS2). Although two low-spin ferric heme

species were detected with EPR in CGCytb and TCytb

(Tsubaki et al. 1997; Liu et al. 2005; Bérczi et al. 2005,

2007; Kamensky et al. 2007), it is remarkable that the

reported gz values for the two forms in these proteins are

0.1–0.2 higher than the values obtained for LS1 and LS2 of

TSCytb. The HALS species with the large gz value around

3.7 has been associated with the low potential heme in

CGCytb (Liu et al. 2005; Kamensky et al. 2007). Inter-

estingly, Kamensky and Palmer reported the observation of

a HALS species with gz = 3.62 in 85% reduced CGCytb

(Kamensky and Palmer 2001), however, the nature and

existence of this minor component has never been verified

and in later work of the authors was assumed not to be a

part of CGCytb (Kamensky et al. 2007).

The gz value of LS1 in TSCytb (2.96) is distinctly lower

than the gz values reported for CGCytb or TCytb (3.14). Liu

et al. (2005) reported that the EPR spectra of membrane

fractions from Sf9 cells expressing recombinant CGCytb

recorded for the 120,000 g membrane fraction without prior

removal of the 500 g membrane fraction contain a signal at

gz = 2.9 next to the gz = 3.14 signal. The former signal

disappeared when the 500 g-pelletable fraction was

removed prior to collecting the 120,000 g fraction (Liu et al.

2005). In TSCytb, this cannot explain the occurrence of LS1

at gz = 2.96, since TSCytb used in our measurements was

purified (1) from the 4,000 gmax 9 10 min to 75,000

gmax 9 60 min microsomal membrane fraction (Bérczi and

Asard 2008), which has been freed from any heavy mem-

brane fractions, and (2) by His-tagged affinity chromatog-

raphy. Moreover, the nature of the biochemical component

responsible for the gz = 2.9 EPR signal in the 500 g pellet of

Sf9 insect cells expressing recombinant CGCytb was never

revealed. Furthermore, no gz = 3.14 signal was observed for

freshly prepared ferric TSCytb, while it was the only LS1

component observed for CGCytb samples.

Earlier work on CGCytb has shown that the local struc-

ture of the heme sites can be strongly influenced by changes

in the protein structure at relatively large distances from the

heme site. H54Q or H122Q mutations of CGCytb led to the

disappearance of the gz = 3.7 signal (identifying this signal

as belonging to the low-potential heme center) and a cor-

responding shift of the gz value of the high-potential heme

from 3.14 to 2.96 (Kamensky et al. 2007). The latter shift

indicates a relaxation of the C-side heme center upon

mutations involving the M-side center. Similar evidence of

changes induced on the M-side heme center by mutations in

the high-potential heme region has also been reported (Liu

et al. 2008). Furthermore, 4.40-dithiodipyridine (4-PDS)-

treated CGCytb exhibited an EPR contribution typical of a

low-spin heme b center with gz = 2.94 that could not be

reduced by ascorbate (Tsubaki et al. 2005). Similarly, an

increase in pH induced a conversion of the gz = 3.14 signal

of CGCytb into a gz = 2.84 form of a ferric species that

could again not be reduced with ascorbate (Tsubaki et al.

1997). This is similar to what is found for cytochrome b5,

where the pH-dependent transition is related to deprotona-

tion of one of the axial imidazole ligands or to an imidazole

ligand becoming strongly hydrogen-bonded to nearby amino

acid residues (Ikeda et al. 1974). It should be noted that the

bis-His coordinated heme in cytochrome b559 in its low-

potential or purified form has EPR signals at gz = 2.93-2.94,

gy = 2.26-2.27, and gx = 1.50-1.55 (Babcock et al. 1985),

which are almost identical to the values obtained for the LS1

of TSCytb. The current observation of the lower gz values for

both low-spin ferric forms in TSCytb seems to indicate more

relaxed structures for both of the hemes than those in CGCytb

or TCytb. The EPR parameters of LS1 are typical for a nearly

parallel orientation of the imidazole planes of the coordinat-

ing histidines, whereas the LS2 heme has nearly perpendic-

ular orientation of these ligand planes (Quinn et al. 1987;

Peisach 1998; Walker 1999).

The above analysis of the EPR spectroscopic data is

entirely based on the assumption that the TSCytb protein

under study indeed belongs to the Cyt-b561 protein class,

which was based on sequence analogy, and that earlier

findings on CGCytb (Liu et al. 2005; Liu et al. 2008) can be

extended to the TSCytb case. TSCytb is, however, an

unusually Met-rich protein and a different drawing of the

CB domain of TSCytb reveals the presence of two pairs of

Met residues in proper positions for heme coordination

(Fig. 8b). The M52-M179 and M66-M139 Met pairs could

theoretically ligate two hemes, one on each membrane side

of the trans-membrane TSCytb. Similarly, His-Met liga-

tions (e.g., M52-H122) of the heme could in principle be

possible. Only one of these four Met residues, namely M52

(TSCytb numbering), seems to be highly conserved, and no

Met residues can be found at the other three Met positions

in the other Cyts-b561 studied in detail.

The available spectroscopic data of TSCytb cannot

exclude a priori the possible presence of bis-Met or a Met-

His coordination at one of the hemes in TSCytb. Although

the EPR parameters of LS1 are typical for relaxed bis-

histidine-coordinated heme centers, cytochrome-c proteins

with quasi identical principal g values have been reported

(Teixeira et al. 1993). Similarly, cytochrome-c proteins

characterized by large gmax values have been reported

(Zopellaro et al. 2009). The absorption band at about

695 nm in the visible spectra of ferricytochromes, con-

sidered as a fingerprint for Met-His coordination (Teixeira

et al. 1993), is not always observable, and its absence in the

absorption spectra of TSCytb can therefore not be used as a
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proof against methionine ligation. Furthermore, only a few

bis-Met-coordinated hemes are known and studied by EPR

spectroscopy. Bacterioferritin has bis-Met-coordinated

low-spin ferri heme (Cheesman et al. 1992) with principal

g values of 2.86, 2.32, 1.48 (for Pseudomonas aeruginosa)

and 2.88, 2.31, 1.46 (for Azotobacter vinelandii). The

ligand-field parameters of the different bacterioferritins

(V/D = 0.7-0.72 and D/k = 2.71-2.73) are very similar

to those of bis-thioether-coordinated iron (III) porphyrins

(McKnight et al. 1991). Bis-Met ligation to heme iron was

also found in mutants of cytochrome b (Baker et al. 1996;

g values 3.18, 2.25, and 0.87). Recently the streptococcal

cell surface protein Shp was shown to contain a bis-Met

coordinated heme with the gmax value around 3.1 (Ran

et al. 2007). The low number of examples of bis-Met

coordinated heme complexes and the observed spread in

their g values prevents ruling out the occurrence of this

ligation type based on the present spectroscopic data alone.

NIR-MCD measurements (Cheesman et al. 1990; Baker

et al. 1996) and/or selective point-mutation experiments in

combination with EPR can give a definite answer on this

ligation. These experiments are planned.

In summary, by using different spectroscopic and spec-

trum-analyzing techniques, we have shown the following for

TSCytb: (1) its reduced spectra have a split a-band at already

low ascorbate concentrations (at already high potential

levels), and (2) it has two heme b redox centers, both with

positive redox potentials, that differ by about 100 mV from

each other. However, the spectroscopic parameters charac-

terizing the state of its two heme b centers show observable

alterations from those published earlier for TCytb and

CGCytb in particular. Analyses of spectral parameters also

allow us to speculate that one heme is in a rather stable micro

environment while this is not so for the other heme. Finally,

the recombinant mouse tumor suppressor 101F6 protein

discussed in this paper seems to have redox centers with

significantly higher redox potentials than the recombinant

human tumor suppressor 101F6 protein, according to a very

recent publication (Recuenco et al. 2009).
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bauer, MCD and NMR) studies of low-spin ferriheme centers

and their corresponding heme proteins. Coord Chem Rev

185–186:471–534

Wilson DF (1967) Effect of temperature on the spectral properties

of some ferrocytochromes. Arch Biochem Biophys 121:757–

768
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