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Abstract The combination of electron paramagnetic resonance
(EPR), near-infrared magnetic circular dichroism (NIR-MCD)
and resonance Raman (RR) spectroscopies at cryogenic tempera-
tures has been used to identify the axial heme ligation of the low
spin cytochrome b, component of NADPH oxidase from por-
cine blood neutrophils. The EPR and NIR-MCD results indicate
the presence of two distinct forms in frozen solution; one with a
low field g-value at 3.23 and porphyrin(m)-to-Fe(IIl) charge
transfer maximum at 1660 nm and the other a low field g-value
at 3.00 and porphyrin(ir)-to-Fe(III) charge transfer maximum at
1510 nm. On the basis of these properties and the RR studies,
both are attributed to forms of cytochrome b, with bis-histidine
axial ligation. The origin of the observed heterogeneity, the loca-
tion and identity of the specific histidines involved in ligating the
heme, and the role of the heme prosthetic group in O3 production
are discussed in light of these results.
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1. Introduction

Phagocytic leukocytes, such as neutrophils and macro-
phages, kill ingested microorganisms by releasing superoxide
(O3) and other reactive oxygen species. The enzyme which
catalyzes the formation of O, is NADPH oxidase, which is a
multi-component electron-transfer system consisting of at least
five subunits (for recent reviews, see [1.2]). Cytochrome b, has
been found to be missing in some patients with chronic granulo-
matous disease (CGD) who cannot produce O3, and was iden-
tified as a component of the NADPH oxidase [3].

Cytochrome bhs5 i1s a heterodimer consisting of p22-phox
(also known as the small or o subunit) and glycosylated p91-
phox (also known as the large or 8 subunit) with molecular
masses, derived from the cDNA sequences of their respective
genes, of 21 kDa [4] and 65 kDa [5]. Dissociation of the complex
destroys the cytochrome absorption spectrum and results in
loss of the non-covalently bound heme. Cytochrome b... the
heme of which has been reported to be the terminal electron
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Abbreviations: NIR-MCD, near-infrared magnetic circular dichroism;
RR, resonance Raman; A, wavelength of the NIR-MCD maxima of
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thioglucoside; CGD, chronic granulomatous disease.

carrier of the oxidase [6,7], is the only component of the
NADPH oxidase complex to have been unambiguously identi-
fied. However, there has been uncertainty concerning the loca-
tion and ligation of the heme and its role in O production.

Recently we have found that pyridine perturbs the heme
environment of cytochrome bsg and the modified cytochrome
bss, exhibits an EPR spectrum identical to that of cytochrome
P-450 [8]. On the basis of sequence alignments for cytochrome
P-450 with those of large- and small-subunits of cytochrome
b5y, it was proposed that the heme in cytochrome by is asso-
clated with the large subunit. In the present study, we have used
the combination of EPR, near-infrared magnetic circular di-
chroism (NIR-MCD) and resonance Raman (RR) spectrosco-
pies, all at cryogenic temperatures, to identify the amino acid
residues involved in axial ligation of the heme prosthetic group
of purified cytochrome bs5; from porcine blood neutrophils.
The results indicate bis-histidine axial ligation and the specific
histidines involved in heme coordination are discussed in light
of the available mutagenesis and physicochemical data.

2. Materials and methods

2.1, Materials

DEAE-Sepharose CL-6B and heparin-Sepharose 6B were obtained
from Pharmacia LKB Biotechnology Inc. Heptylthioglucoside (HTG)
and EGTA were purchased from Dojindo Laboratories (Kumamoto,
Japan). Diisopropy! fluorophosphate was purchased from Wako Pure
Chemicals (Tokyo, Japan). Non-fluorescent glycerol was obtained
from Nacalai Chemicals (Kyoto, Japan). Deuterated reagents, D,O,
d,-glycerol and d,-ethylene glycol, were obtained from Aldrich Chemi-
cal Co. Other chemical reagents were of analytical grade.

2.2, Preparation of porcine neutrophil membranes

Neutrophils were obtained from porcine blood and disrupted by
sonication [9]. The post-nuclear supernatant was separated from the cell
sonicate and used for collection of membrane vesicles. The membrane-
bound NADPH oxidase was solubilized from the membrane vesicles at
0°C with 1% HTG, 30% glycerol, 50 mM phosphate buffer, pH 7.0, as
reported previously [10].

2.3, Purification of cytochrome by,

Cytochrome b.s; was more than 95% solubilized with HTG from
membrane vesicles. The soluble fraction prepared from resting neutro-
phils was passed through a DEAE-Sepharose CL-6B column (5 mi bed
volume) and then applied at a flow rate of 0.5 ml/min to a heparin-
Sepharose column (10 ml of resin) equilibrated with a buffer composed
of 50 mM phosphate buffer (pH 7.0), 50 mM NaCl, 10% glycerol, and
0.6% HTG [11,12]. The concentration of cytochrome bss; was deter-
mined from the difference spectrum of the dithionite-reduced and oxi-
dized samples using an extinction coefficient of A&ssg - 540 pmy = 21.6
mM™' - cm™' {13]. Samples for NIR-MCD studies were prepared in
deuterated buffers according to the following procedure. Aqueous solu-
tions of the purified cytochrome bsg (3 ml, 20-30 M heme) were
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diluted with 100 ml of 50 mM phosphate (pH 7.0) prepared with 99.8%
D,O containing 0.6% HTG, and was concentrated at 5°C using Centri-
con-30 (Amicon). This buffer exchange was carried out 2 times. In order
to obtain optical quality glasses upon freezing, purified cytochrome 4.
preparations in deuterated buffer were mixed with 50% (v/v) d,-glycerol
or d,-ethylene glycol. For EPR and RR studies, samples of purified
cytochrome bs,, were concentrated by centrifugation using a Centricon-
30 at 5°C. The pH of the concentrated samples used for spectroscopic
studies was measured using a Cosmo pH Boy-Cl at 25°C.

2.4. Spectroscopic measurements

Absorption spectra were recorded at 25°C using a Unisoku US-401
or a Shimadzu UV3101PC spectrophotometer. NIR-MCD spectra
were recorded using a Jasco J-730 spectropolarimeter interfaced to an
Oxford Instruments SM3 superconducting magnet (magnetic field 0-5
T; sample temperature 1.5-300 K) using the protocols described else-
where [14]. X-Band EPR spectra were recorded on a Jeol (JES-FE) EPR
spectrometer equipped with a Air Products, Model LTR-3 Heli-Tran
cryostat system, or a Bruker Instruments ESP 300D spectrometer
equipped with an Oxford Instruments ESR 900 flow cryostat. RR
spectra were recorded by collecting scattering (90°) from the surface of
a 10 ul frozen droplet of sample (20 K) on the cold finger of an Air
Products Displex DE-202 closed cycle helium refrigerator. The light
source was the 413.1-nm line of a Coherent 200-K2 Kr* laser and the
scattered light was analyzed using a ISA U-1000 double monochroma-
tor fitted with a cooled RCA 31034 photomultiplier tube with photon
counting electronics. Further details of the Raman spectrometer and
the protocols for obtaining RR spectra from frozen samples under
anaerobic conditions can be found in [15].

3. Results

EPR spectra for the samples of purified cvtochrome b, used
in this work for low temperature NIR-MCD studies, i.e. pre-
pared in a deuterated phosphate buffer with 50% (v/v) d;-
glycerol or d,-ethylene glycol, are shown in Fig. 1. Purification
and buffer exchange had relatively little effect on the O,-
generating ability. In a cell-free assay system [16], the purified
cytochrome bsqq exhibited an activity of 45-55 mol of O3 pro-
duced per second per mo} of cytochrome b5, compared to 73
mol of O3 - s™' - mol ™' for solubilized membranes. The EPR
spectrum is identical to that reported in non-deuterated buffer
[12] and is dominated by a low spin ferric heme resonance with
a low-field positive absorption-shaped feature at g = 3.23, a
broad derivative-shaped component centered at approximately
g = 2.10 and weak high-field negative absorption-shaped fea-
ture centered at g = 1.39. In addition to a g = 4.3 signal attri-
buted to adventitiously bound Fe** and other impurity signals
close to g = 2.00, that vary in intensity for different prepara-
tions, there is a second low spin ferric heme resonance with
g = 3.00,~2.20,and~1.60. This speciesisslower relaxing than the
‘g = 3.23 species’ and is more pronounced at higher tempera-
tures and/or lower microwave powers (data not shown). In
addition, it is slightly more pronounced in samples treated with
50% (v/v) di-glycerol or dj-ethylene glycol and significantly
enhanced in samples at pH 5 (see Fig. 3 of [16]). However, it
is a relatively minor species at neutral pH and the concentration
of the ‘g = 3.00 species’ was estimated to be 20% and 30% of
the ‘g = 3.23 species’ for samples in the absence and presence
of glassing agent, respectively. The relative concentrations were
assessed by fitting the low-field resonance to two Gaussian-
shaped bands, integrating each under non-saturating condi-
tions and correcting for the different transition probabilities
according to the published procedure [17).

The heterogeneity that is apparent in the EPR spectra of

cytochrome b, is also apparent in the porphyrin(z)-to-Fe(III)
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Fig. 1. EPR spectra of purified oxidized cytochrome bss5. The purified
cytochrome b, was prepared in deuterated phosphate buffer and con-
centrated to 110 uM (upper spectrum). The middle and lower spectra
correspond to the samples used for NIR-MCD studies are after the
addition of 50% (v/v) d;-glycerol and d,-ethylene glycol, respectively.
In each case the pD of the medium was adjusted to 7.4. The instrumen-
tal settings were as follows: microwave frequency, 9.04 GHz; micro-
wave power. 10 mW; modulation amplitude, 10 Gauss; temperature,
10 K.

charge transfer bands in the low temperature NIR-MCD spec-
tra (see Fig. 2). Identical spectra were obtained using 50% (v/v)
d:-glycerol or d,-ethylene glycol as the glassing agent. Low spin
ferric hemes have two porphyrin(z)-to-Fe(III) charge transfer
bands in the near-IR region. Both exhibit positively-signed,
temperature-dependent MCD transitions and the lower energy
component almost invariably has the larger intensity [18-21].
The energy of these transitions, as assessed by the wavelength
of the MCD maxima (A7), has been shown to be extremely
sensitive to the nature of the axial ligands [18-21]. The NIR-
MCD spectra of oxidized purified cytochrome b is clearly the
composite of two species: a minor component with Acr = 1510
nm that is attributed to the g = 3.00 species and a major com-
ponent with Acp = 1660 nm that corresponds to the g = 3.23
species.

Low temperature (25 K) resonance Raman spectra (413-nm
excitation) for as prepared and dithionite-reduced samples of
cytochrome b, are shown in Fig. 3. The spectra are very
similar to those reported previously at low temperature (90 K)
for cytochrome bss; in partially purified solubilized prepara-
tions and neutrophil plasma membranes [22], except that laser-
induced photoreduction was not apparent in the samples used
in this work thereby enabling direct determination of the spec-
trum of the oxidized cytochrome. The frequencies of the ‘oxida-
tion-state’ marker bands, 1363 cm™ for reduced and 1378 cm™
for oxidized, are characteristic of the ferrous and ferric oxida-
tion states, respectively, and the ‘spin-state’ marker bands at
1585 and 1646 cm™" are characteristic of a low spin ferricyto-
chrome [23]. The spectra are very similar to those observed for
bis-imidazole Fe(II)/Fe(1I1) protoporphyrin IX complexes and
the band at 273 cm™' has tentatively been assigned to Fe-N
stretching of a bis-histidine ligated ferricytochrome [22].
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Fig. 2. Low temperature NIR-MCD spectra of purified oxidized cyto-
chrome b5 The sample contained 50% (v/v) d,-glycerol and was the
same used in Fig. 1. The spectra were recorded at a magnetic field of
4.5T at a temperatures of 2.0, 4.2, 10, and 30 K. All transitions increase
in intensity with decreasing temperature.

4. Discussion

EPR, NIR-MCD and resonance Raman studies all indicate
a low spin 6-coordinate ferric heme prosthetic group in cyto-
chrome bs5. However, the NIR-MCD and EPR data provide
clear evidence for heterogeneity with a major species (g = 3.23,
~2.10,~1.39 and A+ = 1660 nm) and minor species (g = 3.00,
~2.20, ~1.60 and A1 = 1510 nm). The relative amount of the
minor species appears to increase with sample handling, addi-
tion of 50% glycerol or ethylene glycol, and lowering the pH.

On the basis of the EPR spectra alone. it is not possible to
make an unambiguous assignment of the axial ligands for the
major low spin ferric heme species. There are examples of
hemes with bis-histidine, histidine/methionine and histidine/ly-
sine with similar g-value anisotropy [19]. However, the ranges
of Ay values established for these types of axial ligation by
NIR-MCD studies, i.e. bis-histidine, A+ = 1500--1660 nm; his-
tidine-methionine, A = 1740~ 1950 nm: histidine-amine (lysine
or N-terminal amine), Acr = 1480-1550 nm [18-21.24], argue
strongly in favor of bis-histidine axial ligation. This conclusion
is clearly in accord with the resonance Raman presented herein
and published previously [22). The rationale for showing reso-
nance Raman spectra for the samples used in this work is
two-fold. First, they demonstrate that the cytochrome b., is

identical in these two studies. Hence the apparent absence of

a low spin ferric heme EPR signal that was reported by Hurst
et al. [22] must be the result of instrument sensitivity problems
and does not require explanation in the form of interheme
magnetic interactions as previously proposed. Second, they
demonstrate that this form of cytochrome b4 is present in vivo,
since identical Raman spectra have been observed in various
subcellular environments and in cellular physiological states
[22]. Coupled with our earlier studies which showed that only
the low spin form of cytochrome b, is effective in O3 produc-
tion in an in vitro assay [16), this indicates that this bis-histidine
form of cytochrome b. is functional in vivo.

Next we turn our attention to the origin of the minor species
that is apparent in the EPR and NIR-MCD data of the purified
cytochrome bgg samples. Thomson and coworkers have ele-
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gantly demonstrated that the intensity of the NIR-MCD por-
phyrin{z)-to-Fe(11I) charge transfer bands and the low-field
g-value of bis-histidine ferric hemes reflect the rhombic distor-
tion at the iron site [20,21]. Perpendicular imidazole rings pro-
vide the most axial environment which leads to very intense
NIR-MCD charge transfer bands (de values up to 560
M'-em™' at 4.2 K and 5 T) and low field g-values approaching
4.0. b-Type cytochromes with properties approaching this ex-
treme are found in membrane bound environments in which the
cytochrome bridges across two membrane spanning helices,
e.g. in the cytochrome bc¢, complex [24] and in the membrane
anchor subunits of succinate dehydrogenases [25,26]. The ma-
jority bis-histidine ligated low spin ferric heme species in cyto-
chrome b, is clearly in well-defined environment somewhere
between the extremes of parallel and perpendicular imidazole
rings. Denatured, bis-histidine b-type cytochromes in which the
constraints of the native structure have been removed due to
removal from the membrane and or subunit dissociation, ex-
hibit electronic properties identical to those of bis-imidazole
ferric protoporphyrin model complexes, i.e. g = 2.95, 2.25, 1.60
and A¢p = ~ 1510 nm (maximal 4¢ values 200-250 M™' - cm™ at
4.2 K and 5 T) [24,26-28). Since these properties are very
similar to those of the minor species observed in purified sam-

™~
P~ ©
w N~
™
-
(=]
@
Rl e
o
[=] <]
Do © 0w
o N~ -
~ - "nm
- ‘_U"D
™ =] -
21 S5Me Sg 'Ee
[« © -
[ N (=] o
-
-
o
c
g
T N
o ©
[32]
©
]
-

T 1T 7 |
400 800 1200 1600
Raman Shift (cm'1)

Fig. 3. RR spectra of purified cytochrome bss;. Upper spectrum: oxi-
dized sample, 200 M in heme, pH 7.4. Lower spectrum: dithionite-
reduced sample, 180 uM in heme, pH 7.4. Conditions: sample temper-
ature, 25 K; laser excitation: 413.1 nm; laser power at sample, 10 mW;
spectral resolution, 6 cm™; spectra collected by photon counting for
1 severy | cm™ and each is the sum of 12 scans. In both cases a linear

ramp has been subtracted to correct for background fluorescence.



348

ples of cytochrome b:s; and the relative amount of this species
increases with sample handling, we attributed this to some
denatured, bis-histidine b-type cytochromes. Moreover. on the
basis of the additional intensity at 1510 nm (44e=60 M™' - cm ™’
at 4.2 K and 5 T), we conclude that this species corresponds
to approximately 25% of a single heme, in excellent agreement
with the EPR quantitations which indicate that this species
accounts for between 20-30% of the total low spin heme reso-
nance.

In a previous study [8], we have shown that the heme is
localized at the large subunit of cytochrome bs;; near the
amino-terminal region, residues 100-200. For bis-histidine co-
ordination in cytochrome b, there are six candidate histidi-
nes, residues 101, 111, 115, 119. 209, and 210 [29]. Bolscher et
al. [30] reported that amino acid substitutions in the large sub-
unit of cytochrome b,y of neutrophils from X-linked chronic
granulomatous disease patients caused complete absence of the
heme. In the cytochrome bs5, obtained from these patients.
His'"' and His®” were replaced by Arg and Tyr, respectively.
Taken together, the spectroscopic data reported herein and
these point mutation data, implicate His'"' and His* as the
most likely residues ligating the heme of neutrophil cytochrome
bsss. Further support for this conclusion comes from analysis
of the hydrophilicity index and surface probability in cyto-
chrome b;5; which show that these two histidine residues are in
the hydrophobic region [31].

Dinauer et al. [32] have shown that there is only one invariant
histidine residue in the small subunit, His™*, of cytochrome b.«.
From these and our spectroscopic data which clearly show
bis-histidine coordination, it is therefore extremely unlikely that
the heme resides exclusively in the small subunit, as predicted
by Nugent et al. [33] and Yamaguchi et al. [34]. While we cannot
rule out the last possibility, i.e. that the heme bridges the small
and large subunits, the absence of significant changes in the
EPR and resonance Raman properties of cytochrome b, ac-
companying isolation from the membrane-bound cellular envi-
ronment [16,22], tends to argue against such an arrangement.

In conclusion, the heme in neutrophil cytochrome bg is
ligated via two histidines. On the basis of the spectroscopic and
point mutation data, His'”' and His? in the large subunit are
considered the most probable heme ligands, although it is not
yet possible to rule out an arrangement in which the heme
bridges the two subunits. While this heme prosthetic group is
essential for the O,  generating ability of the neutrophil
NADPH oxidase, bis-histidine ligation indicates this heme
group is likely to be involved in electron transfer to the active
site rather than the site of O, production.
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