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Abstract

Affinity-purified rabbit anti-neutrophil cytochrome b light or
heavy chain antibodies were used to immunocytochemically
and biochemically localize cytochrome b in neutrophils and
eosinophils. The antibodies were monospecific, recognizing
polypeptides of 91 and 22 kD, respectively, on Western blots
of whole neutrophil extracts. The antibodies were used in
Western blot analysis of subcellular fractions of purified neu-
trophils to confirm that the distribution of cytochrome b spec-
tral absorbance matched that of the two subunits. Thin sec-
tions of cryofixed, molecular distillation-dried granulocytes
were labeled with the anti-cytochrome b antibodies, followed
by incubation with biotin-conjugated secondary antibody, and
final labeling with streptavidin-conjugated colloidal gold.
Electron microscopy revealed that the cytochrome b light and
heavy chains were localized primarily (80%) to 0.1-0.2-Mim
round or elliptical granule-like structures in neutrophils and
0.4-0.5-iim granules in eosinophils. Approximately 20%of the
cytochrome b was localized to the surface, confirming the sub-
cellular fractionation studies. Double staining experiments on
the neutrophils, using polyclonal rabbit anti-lactoferrin anti-
body, indicated that the cytochrome-bearing structures also
contained lactoferrin and thus were specific granules. When
the analysis was performed on neutrophils that had phagocy-
tosed Staphylococcus aureus, cytochrome b was found in the
phagosomal membrane adjoining the bacterial cell wall. (J.
Clin. Invest. 1990. 85:821-835.) neutrophils - polymorphonu-
clear leukocytes * superoxide generation * immunoelectron mi-
croscopy- cryofixation/molecular distillation drying

Introduction

The superoxide generating system (1, 2) of human neutrophils
is essential for host defense against microbial infection (3, 4).
The system is highly regulated and complex, consisting of a
number of essential components whose genetic absence results
in chronic granulomatous disease (3). One of these compo-
nents, a b-type cytochrome has recently been purified (5, 6)
and shown to be a heterodimeric integral membrane glyco-
protein with subunits of 91 and 22 kD (6a). Both subunits
have been cloned and sequenced (7, 8, 8a) and shown to be
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absent in X-linked and autosomal forms of chronic granulo-
matous disease (5, 6, 9, 10). Although one report suggests that
the 22-kD subunit bears the heme and is the functional cy-
tochrome b (1 1), analysis of amino acid composition (8) does
not support these conclusions. Indeed, quantitative analysis of
the pure protein suggests that there may be more than one
heme (8).

Superoxide production is activated in the phagolysosome
formed when granulocytes engulf and kill microbes (1, 12). We
have estimated that uniform production of O2 over the entire
cell surface at a rate of 100 nmol/min per 1 O7 cells generates, at
most, local micromolar concentrations of toxic oxygen metab-
olites (13). Injury to tissue or cells by H202 occurs at fractional
millimolar concentrations, although in the presence of myelo-
peroxidase and halide micromolar concentrations are suffi-
cient to kill bacteria ( 14, 15). Thus, higher local concentrations
of °2 or highly localized generation of the radical might be
necessary to induce sufficient cellular damage to produce
pathogenic effects or kill certain more resistant microbes.

Higher rates of production of superoxide anion are
achieved when phagocytes are exposed to lipopolysaccharide
and other agents, such as certain lymphokines (1 6, 17). These
agents prime cells (18, 19), increasing surface expression of
certain receptors and other proteins. Part of this increase prob-
ably results from an induction of an increase in transcription
of these proteins, one of which is the cytochrome b heavy
chain (20). Another explanation of this phenomena is that
these agents may mobilize or translocate intracellular pools of
membrane proteins such as the cytochrome b (21), receptors,
and other plasma membrane proteins (22-25) to the cell sur-
face in preparation for the final activating event that would
trigger superoxide production and other microbicidal activi-
ties.

To shed additional light on the translocation hypothesis
and to explore the structural constraints of cytochrome distri-
bution on superoxide production during a microbicidal re-
sponse, it has become necessary to define precisely the loci of
these intracellular pools and the respective translocation
events. As originally emphasized by de Duve (26), subcellular
fractionation analysis can provide only part of the information
required to localize specific cellular components. Thus, we
investigated the electron microscopic immunolocalization of
the 91- and 22-kD subunits of the cytochrome using the novel
technique of cryofixation/molecular distillation drying (27,
28), in combination with highly specific affinity-purified anti-
cytochrome antibodies. We compared the subcellular mor-
phological localization of cytochrome b in purified unstimu-
lated neutrophils with those actively engulfing killed Staphylo-
coccus aureus. We discovered that both subunits of
cytochrome b are localized to lactoferrin-bearing specific
granules in unstimulated neutrophils. A small amount of cy-
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tochrome b is detectable in the plasma membrane, consistent
with subcellular fractionation analysis. Upon phagocytosis of
serum-opsonized bacteria, a translocation of the cytochrome
occurs from the granules to the phagosomal membrane con-
tacting the bacterial wall.

Methods

Preparation of neutrophils
Humanneutrophils were prepared by the method of Boyum in Ficoll-
Hypaque and resuspended in Hank's balanced salt solution without
Ca2"/Mg2". Alternatively, cells were prepared by the method of Hen-
son and Oades (29) and resuspended in Dulbecco's PBS.

Preparation of affinity-purified antibody
Rabbit antisera and purified cytochrome b were prepared as previously
described by Parkos et al. (6). The 22-kD subunit was excised directly
from an unfixed SDS-polyacrylamide slab gel or an electrophoretic
nitrocellulose transfer (i.e., Western blot) prepared and run as pre-
viously described (6, 30). Approximately 10 jg of light chain was
eluted from the homogenized gel slice (0.5 X 2/0.1 cm) by incubation
with 1 ml SDS-PAGErunning buffer at room temperature for 2 h with
shaking. 99% of the 22-kD polypeptide was recovered, based on the
rerunning of the eluted material on another gel and quantitating the
staining by densitometry. The purity of this material was previously
checked by microsequence analysis and shown to have a single cy-
tochrome b light chain NH2-terminal amino acid sequence (8). The
polypeptide was then concentrated 10-fold on a centricon 10 micro-
concentrator and twice rediluted to the original volume in 10 mM
Hepes, 100 mMKCI, 10 mMNaCi, 1 mMEDTA, 10 ,ug/ml chymo-
statin, and 0.2 mMPMSF, pH 7.4, containing 1%octyl glucoside. This
material was then rotated end over end overnight with 1 ml of a 1:1
mixture of Affigel 10,15 (Bio-Rad Laboratories, Richmond, CA) pre-
viously washed three times, first with isopropanol and then with dis-
tilled water. The slurry was then pumped dry and washed with 75 mM
Tris, pH 8.6, in saline. The column retained between 90 and 100% of
the polypeptide. Using 2 ml of Affigel coupled to 22-kD polypeptide, 5
ml of R3 179 rabbit serum was pumped through at a flow rate of 5 ml/h
overnight at 4°C. The column was washed at a flow rate of 25 ml/h
with 300 mMNaCl, 50% glycerol, and 10 mMHepes, pH 7.4, until
A280 was < 0.05. The retained antibody was then eluted with 1-2 ml
25 mMglycine/HCl, pH 2.8, in 50% glycerol and collected in defined
volumes of enough 500 mMHepes buffer, pH 7.4, to raise the pH to 7.

Antibody was affinity purified from nitrocellulose by first incubat-
ing the excised nitrocellulose with 10% goat serum, 3%BSA, 500 mM
NaCl, and 10 mMHepes, pH 7.4, for 30 min, followed by a brief rinse
in PBS. The strip was then incubated overnight with antisera contain-
ing 0.2% Tween 20 at 4°C and gently agitated. The next day it was first
washed with PBS containing 0.2 Tween 20, followed by PBS alone.
The bound antibody was eluted by incubation for 7 min in 3 ml of 50
mMglycine/HCI, pH 2.8, which was then neutralized with 1 MTris
base and diluted 1:1 with glycerol.

Antisera against the 9 I-kD heavy chain of the cytochrome b was
obtained by injecting rabbits with keyhole limpet hemocyanin deriva-
tized with the peptide KQSISNSESGPRGC,spanning position
546-558 in the primary structure of the heavy chain and a COOH-ter-
minal cysteine as previously described (31). This antisera was affinity
purified on a matrix of a 50% mixture of Affigel 10 and 15 onto which
20 mg peptide was bound in 100 mMHepes buffer, pH 7.4. The
antisera was immunopurified as described above.

Sodium azide was added to both antibody solutions to a final
concentration of 0.02% to inhibit bacterial growth. The final concen-
trations of the antibodies were - 40 and 50 jig/ml. Positive antibody
activity was detectable by micro-ELISA assay or Western blot analysis
to dilutions of 1:5,000-1: 1,000, respectively.

Antibody assays
Micro-ELISA assay for the cytochrome b was performed as previously
described for lactoferrin (32) on poly-L-lysine-coated Immulon 2 mi-
crotiter plates that were preincubated overnight with 150 ng cy-
tochrome b per well in 25 mMNaCI, 10 mMHepes, and 0.0 1%Triton
X- 100. The incubation was followed by a PBSwash and blocked with
2%BSA in PBS. Antibody was diluted in PBScontaining 2%BSA.

Localization by subcellular fractionation analysis
Subcellular fractionation was performed on 1 X 109 cells isolated by
the method of Henson and Oades (29), disrupted by N2-cavitation at a
concentration of 108 cells/ml, and fractionated on a single 34-ml su-
crose gradient by isopycnic sedimentation as previously described (32).
20 gl of each fraction was run on a 7-18% SDS-polyacrylamide slab gel
and electrophoretically transferred to nitrocellulose for Western blot
analysis with a 1:1,000 dilution of the affinity-purified antibodies as
described previously (6). Western blot analysis was also performed on
both low-speed pellet and supernatant fractions. Protein was deter-
mined using a protein assay kit (Bio-Rad Laboratories) using BSAas a
standard. Cytochrome b reduced minus oxidized difference spectros-
copy, and analyses to determine peak plasma membrane and specific
granule marker activity (alkaline phosphatase and lactoferrin, respec-
tively) were performed as described by Parkos et al. (32).

Cryofixation and sample preparation
Purified neutrophils, suspended in Hank's balanced salt solution with-
out Ca2+/Mg2+ at 1-lo0X 107/ml, were divided into 200-Ml aliquots and
pelleted briefly (3-5 s) in an Eppendorf centrifuge (Beckman Instru-
ments, Inc., Palo Alto, CA). The supernate was aspirated and the dry
pellet of cells was scooped from the tube bottom and thinly smeared
onto a cryofixation holder. The cells were then cryofixed on a Cf-100
(LifeCell Corp., The Woodlands, TX) and stored under liquid nitrogen
until dried.

Molecular distillation drying was performed as described (27).
After drying was complete, specimens were exposed to vapor phase
osmium or paraformaldehyde vapor in the dryer for 3 h at room
temperature. After flushing, the excess osmium or paraformaldehyde
was then pumped out and Spurr's resin or araldite resin was introduced
into the drier to infiltrate the specimens under vacuum. The specimens
were then removed and heated to 60°C to cure the resin.

Thin sections of embedded neutrophils were cut on a Reichert
ultracut E microtome (C. Reichert Optische Werke, Ag., Vienna, Aus-
tria) at room temperature and mounted on uncoated grids before im-
munolocalization studies.

Neutrophil phagocytosis assay
Purified neutrophils were resuspended in fresh autologous serum at 2
X 10'/ml. A clinical isolate of S. aureus, previously grown to log phase
in trypticase soy broth, boiled for 10 min, washed two times, and
frozen, was thawed and resuspended in fresh autologous serum at 2
X 1.09/ml. 200-Ml aliquots of cells and staphylococci were mixed and
tumbled at 37°C in triplicate. Before combining the cells and organ-
isms, an aliquot of cells was pelleted and cryofixed as time 0 cells. After
5, 10, and 15 min of 37°C tumbling, the remaining aliquots of cells
plus bacteria were pelleted and cryofixed. All were stored under liquid
N2 until molecular distillation dried.

Colloidal gold immunolocalization studies
Cytochrome b 559 localization. Thin sections were either floated on 2%
glutaraldehyde as they were cut on the microtome, or mounted on
grids and floated on drops of buffer or buffer with 2% glutaraldehyde
for 2-3 min at room temperature. No differences were observed be-
tween these methods. Grids were then washed and blocked using 10%
BSA in 10% (vol/vol) serum of the species of origin of the biotinylated
secondary antibody. Blocking was done for 30 min at room tempera-
ture. After washing, sections were floated on drops of either 1:2
anti-22-kD antibody, 1:2 anti-9 1-kD antibody, or a 1:4 mixture of the
anti-22-kD antibody plus anti-91-kD antibody at 40C overnight.
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After incubation, the sections were washed three times, floated on
drops of 1:100 biotinylated goat anti-rabbit IgG (Vector Laboratories,
Inc., Burlingame, CA) for 1 h at room temperature, washed three
times, and then floated on 1:80-1:100 20-nm colloidal gold conjugated
with streptavidin (Bethesda Research Laboratories, Bethesda, MD).
After 30 min the sections were washed three times, stained with super-
saturated uranyl acetate for 10 min at room temperature, and then
examined on a CT12 STEMelectron microscope (Philips Electronic
Instruments, Inc., Mahwah, NJ).

Lactoferrin localization. Grid-mounted sections were floated on
saturated sodium metaperiodate for 5 min, washed three times,
blocked as above, washed, and then floated on drops of 1:100 rabbit
anti-human lactoferrin (Cooper Biomedical, Malvern, PA) overnight
at 4°C. After washing, all subsequent steps were as described above.

Double-labeling studies. Grid-mounted sections were stained to
localize cytochrome b on one side of the section as described above, but
uranyl acetate counterstaining was deleted. The sections were then
turned over and the unstained side of the section was labeled for either
lactoferrin or cathepsin G, using 5 nm colloidal gold, followed by
uranyl acetate staining of the double-labeled sections.

Results

Antibody specificity. The ultrastructural localization of human
neutrophil cytochrome b using colloidal gold depends on the
utilization of a highly specific, high-affinity antibody. Previous
application of a polyclonal, polyspecific IgG fraction of rabbit
antisera raised against partially purified cytochrome b indi-
cated that the cytochrome b light chain-specific fraction of the
antisera was of sufficiently high affinity for such purposes.
However, the polyspecific nature (see Fig. 6 of reference 6) of
the antisera precluded its use for localization purposes. To
isolate only the light chain-specific antibody fraction, the
22-kD subunit of the purified protein was isolated by prepara-
tive SDS-PAGE, electrophoretically transferred to nitrocellu-
lose, excised, and used as an affinity matrix to bind and elute
light chain-specific antibodies. Alternatively, the light chain
was eluted from the appropriate region of the gel and bound to

Coomassie Stain
Mr- 10-3

1 99 -

104- .
66-~~~~~i-

42-

25-td 2 4 St

15_ L _

Std 1 2 3 4 Std

Western Blot
Mr 10 3

-1 99

-104
-66

-42

-25

-18
-15

Std 5 6 7 8 Std

Figure 1. Specificity of affinity-purified rabbit (anti-human cy-
tochrome b light chain) antibody. Humanneutrophils were disrupted
by N2 cavitation as described by Parkos et al. (6). The low-speed pel-
let fraction was resuspended in a volume of cavitation buffer equal to
that of the original cell suspension (108 cell equivalents/ml). The
low-speed pellet (lanes 2, 4, 6, and 8) and low-speed supernatant
fractions (lanes 1, 2, 5, and 7) suspensions were solubilized in SDS-
PAGEsample buffer as described in Methods. Lanes 1-4 are Coo-
massie blue staining patterns; lanes 5-8 are Western blots using af-
finity-purified anti-cytochrome b light chain (22-kD) antibody.
Lanes 1 and 5, 2 and 6, 3 and 7, and 4 and 8 had 10, 7.5, 20, and 15
jig protein, respectively.

Affigel to provide an immobilized matrix of pure cytochrome.
After binding and eluting the antibody, its titer was deter-
mined by ELISA assay to dilutions of > 1:100 or 400 ng/ml.
The specificity of the antibody preparation is shown in Fig. 1,
where only a single band of antibody binding could be detected
in a Western blot of the low-speed fractions of whole neutro-
phil homogenates. The specificity of the anti-cytochrome b
heavy chain peptide ("6KQSISNSESGPRGC) antibody has
been characterized in a separate study (31).

Subcellular fractionation analysis. To show that the anti-
body was appropriate for immunolocalization purposes, it was
first used to confirm the distribution of the cytochrome b light
chain in neutrophil subcellular fractions prepared in isopycnic
sucrose density gradients. Fig. 2 shows that the distribution of
the light chain in the fractions, as determined by Western blot
analysis, parallels the cytochrome b spectral distribution. The
major peaks of both activities centered in the specific granule/
Golgi-enriched fractions. The minor peaks also cosedimented
with the plasma membrane alkaline phosphatase activity. In
both cases, - 20-30% of the total activity was found in the
plasma membrane-enriched fractions. This distribution of the
heavy chain matched that of the light chain, but showed signif-
icant degradation in the azurophil granule-enriched fractions
due to the abundance of proteases in these organelles (not
shown).
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Figure 2. Subcellular distribution of cytochrome b light chain and
cytochrome b spectrum in sucrose density gradients of human neu-
trophil homogenates. Sucrose density gradient fractions of N2 cavita-
tion homogenates of human neutrophils, prepared as described in
Methods, were analyzed for cytochrome b content by reduced- minus
oxidized difference spectroscopy and by Western blot analysis using
affinity-purified anti-cytochrome b light chain antibody. The relative
distribution of cytochrome b-specific Soret band absorbance and
lanes of an SDS-PAGE/Western blot are aligned according to gra-
dient fraction number. Molecular weight standard positions are
shown to the left of the Western blot. Sucrose density increases as in-
dicated from right to left. The supernatant fractions that had no cy-
tochrome b absorbance or staining are not shown. Peak position of
the plasma membrane (p.m.) and specific granule (s.g.) marker activ-
ities are indicated.
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Figure 3. Immunocytochemical localization of cytochrome b in punified human neutrophils. Cell sections were prepared from Spurr s resin
blocks of osmicated and cryofixed, molecular distillation-dried cell preparations as described in Methods and labeled with affinity-purified
anti-cytochrome b light chain (a-d) antibody. a and b display sections showing nearly whole cells. 20-nm grains are visible primarily on round
or elliptical granules. Most of the label is observed within two- or three-grain diameters of the granule periphery. In some cases the labeling dis-
plays a rosetting pattern as shown in enlarged detail selected from other sections not prefixed with glutaraldehyde (c and d). Note plasma mem-
brane labeling (arrowheads) and relatively sparse nuclear and extracellular labeling. The section shown in a was exposed to 2% glutaraldehyde
before antibody labeling. e shows another whole cell incubated with normal rabbit IgG as a control. Infrequent grains are observed in the nu-
cleus, cytoplasm, and extracellular space. Magnifications in a-e are X46,000, X33,800, x83,200, X83,200, and X49,300, respectively.
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Figure 4. Immunocytochemical localization of cytochrome b light chain in human eosinophils. Sections prepared as in Fig. 3, b-d also con-

tained eosinophils (a), as evidenced by their large (0.4-0.5 gm) secretory granules. Labeling in this instance was with 1:1 diluted antibody.
Granules clearly show cytochrome distributed along the organelle periphery as seen in the enlargement of the left cell of a, shown in b. Magnifi-
cations in a and b are X26,000 and X56,000, respectively.

Localization in unstimulated neutrophils. To prove that a
cell component is localized to a particular organelle, both a
biochemical and morphological approach is necessary (26).
Ultrastructural localization of the cytochrome would comple-
ment and confirm its biochemical localization. Cryofixation/

molecular distillation drying processing methodology for ul-
trastructural examination has the advantages of extremely
rapid fixation, no organic solvent exposure, and no crosslink-
ing prefixative use (28). Using this method, it was determined
that the best labeling of antibody was observed at a 1:1 or no

Immunocytochemical Localization of Granulocyte Cytochrome b 827
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showing cytochrome localization in Fig. 3. Magnification is X45,000.
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dilution of the affinity-purified anti-cytochrome b light chain
antibody or anti-heavy chain peptide antibody in antibody
dilution buffer. Fig. 3, a-c shows the distribution of 20-nm
gold particles coupled to the cytochrome light chain by a bio-
tin-conjugated goat anti-rabbit and gold-conjugated streptavi-
din sandwich. Most of the 1,591 grains counted (in 15 micro-
graphs of 42 cells) were restricted to the interior (19±5%) or
periphery (47±5%) of round or elliptical structures of uniform
fine-grained density with maximum dimensions of 0.1-0.2
,gm. Somegrains were also observed along borders of similarly
shaped structures, but empty of density, which probably repre-
sented granules whose contents had fallen out during section-
ing. A small percentage (6.3±1.5%) of grains were also within
three diameters of the plasma membrane border. Somegrains
in the cytoplasm appeared not to be associated with any partic-
ular structure, possibly representing sections tangentially graz-
ing a granule. Very little staining of the nucleus (8±3%) or
extracellular matrix was observed, indicating that the stain was
highly specific. The distribution of grains within a cell were
virtually identical when antibody directed against the heavy
chain was used (not shown). Consistent with the low abun-
dance of the antigen, the intensity but not the specificity of
labeling was variable from cell to cell. IgG, prepared from
normal rabbit serum at the dilution of the specific antibody
and omission of primary antibody, resulted in sections vir-
tually free of any staining (Fig. 3 e).

Anti-cytochrome antibodies also labeled eosinophils in a
specific fashion, as shown in Fig. 4. Distinct labeling was ob-
served along the periphery of most of the larger (0.4-0.5 gm)
granules of this cell type. The larger size of these granules is
necessary to observe membrane localization, and provides a
measure of the resolution of this technique (- 50 nm). In the
smaller neutrophil granule such a localization is not readily
apparent, so distribution often does not appear to reflect such a
membrane localization (Fig. 3 a).

To identify the granule type bearing the cytochrome b anti-
bodies against lactoferrin were used. This protein is the major
protein of specific granules. Fig. 5 shows this distribution of
lactoferrin within a neutrophil. It is similar to that of cy-
tochrome b, but does not show as many grains that are directly
adjacent the boundary membrane. Smaller (10-nm) gold con-
jugates of streptavidin were used to detect lactoferrin on the
opposite face of the section used to localize the cytochrome. In
Fig. 6, a-c, it is evident that wherever grains of cytochrome-
associated 20-nm particles are found, so are the smaller 10-nm
particles, indicating the cytochrome b is localized to the lacto-
ferrin-bearing specific granules. Controls in which primary
antibody was omitted showed virtually no staining (not
shown). In preliminary studies cathepsin G, an azurophil
granule protein, was shown to reside in granules similar in
morphology to the lactoferrin-bearing granules, but never in
the same granules that contained cytochrome labeling.

Localization in neutrophils engaged in phagocytosis. Since
most of the cytochrome in resting cells seems to be localized to
intracellular stores, neutrophils actively engaged in phagocyto-
sis should display the localization of cytochrome b, character-
istic of targeting of superoxide generation. It has previously
been demonstrated ultrastructurally that H202, the ultimate
product of the cytochrome b-containing oxidase, is produced
at the phagosomal membrane after phagocytosis of zymosan
(33). Consequently, neutrophils actively engaged in phagocy-
tosis of bacteria (S. aureus) were examined for cytochrome

distribution. Fig. 7 shows that, in such cells, cytochrome b
appears to be inserted from intracellular stores into the mem-
brane of phagolysosomes, gaining very close apposition to the
particle surface. Of particular interest is the clustered appear-
ance of cytochrome b that is often observed in phagolysosomes
labeled with the anti-light chain (c) or anti-heavy chain anti-
bodies (d, e). When suspensions of bacteria alone were sec-
tioned and analyzed by these methods, no cytochrome stain-
ing was observed (not shown), indicating that the staining de-
rives from a neutrophil component and not artifactual staining
of the bacterium.

Discussion

The purpose of this investigation was to determine the subcel-
lular localization of human neutrophil cytochrome b in resting
and phagocytosing human neutrophils by electron micro-
scopic methods. This determination would then permit con-
firmation of previous incomplete biochemical localizations,
which relied solely on subcellular fractionation analysis, and
provide further insight into the localization of the cytochrome
in an activated functioning cell. Our results show that in rest-
ing neutrophils cytochrome b resides primarily in an intracel-
lular store of specific granule membranes that are translocated
to the phagosomal membrane when neutrophils engage in
phagocytosis.

The localization has relied on the affinity purification of
two rabbit antisera. The first antisera, R3 179, was previously
used in the form of polyspecific whole serum (6) or IgG frac-
tion. This use demonstrated, first, that the antisera recognized
the cytochrome b since it immunoprecipitated spectral activ-
ity; second, that it labeled a 22-kD polypeptide in Western
blots of extracts of normal human neutrophil, which was ab-
sent in Western blots of cytochrome negative extracts of neu-
trophils from patients with chronic granulomatous disease (6,
10); third, that it recognized only the 22-kD subunit and not
the 91-kD subunit (6, 10); and finally, that it was successfully
used to screen cDNAexpression libraries for the cloning of the
22-kD light chain subunit (8). Affinity purification on matrices
containing the purified light chain removed all other specifici-
ties (6, 10), as evidenced by the monospecific Western blot
pattern observed in Fig. I and the immunopurification of
cytochrome-containing protein complexes in octyl gluco-
side (3 1).

The second antisera bound the peptide 446KQSISN-
SESGPRGC,which, except for the COOH-terminal amino
acid residue, was derived from the sequence of the 91-kD cy-
tochrome subunit. This antisera was previously shown to spe-
cifically retain both subunits of the cytochrome on immuno-
affinity matrices (31). Furthermore, it labels only the 9 1-kD
subunit in Western blots of neutrophil extracts.

Our application (Jesaitis, A., C. M. Chang, and M. Wilhite,
unpublished observations) of these antibodies to frozen thin
sections made of lightly fixed cells (34) proved to be inconclu-
sive with respect to localization of the cytochrome b antigens
in neutrophils. Nonspecific staining was absent, as judged by
the lack of labeling outside the cell periphery. In addition,
staining could be inhibited by inclusion of free peptide antigen
in the incubation mix. However, the staining in the section
showed no defined localization. Instead, a more disperse label-
ing was evident, probably resulting from inadequate antigen
immobilization or epitope preservation. This result led us to

Immunocytochemical Localization of Granulocyte Cytochrome b 829
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Figure 6. Colocalization of cytochrome b and lactoferrin in specific granules of human neutrophils. Cryofixed sections of human neutrophils
were double labeled on opposite sides of the section with rabbit anti-lactoferrin antibodies or a cocktail of rabbit anti-cytochrome b light and
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attempt the localization using cryofixation/molecular distilla-
tion drying. This method has distinct advantages in preserving
morphology without fixatives and maximizing preservation of
antigen epitopes. The results were markedly different than the
former method, showing highly localized labeling of distinct
identifiable structures.

The localization of cytochrome b to the specific granules
rules out the possibility that it is localized to another fraction
of the cell with similar sedimentation properties to the lacto-
ferrin-bearing specific granules. Candidates for such fractions
included Golgi (22), tertiary granules (25,35, 36), and phos-
phasomes (37). One alternate possibility remaining, consistent
with our observations, is the existence of very small vesicles
involved in intracellular transport of the cytochrome to and
from the plasma membrane, Golgi, and lysosomes. As can be
seen in Figs. 3, 6, and 7, some grains appear in the cytoplasm
that are apparently unassociated with easily visible granules.
Such labeling would be consistent with very small structures or
tangential sections of granules.

Translocation of neutrophil cytochrome b to the phagoso-
mal membrane of phagocytosing neutrophils has been pre-
viously demonstrated (38) using subcellular fractionation
analysis. Our results morphologically confirm this localiza-
tion. The localization often appeared as clusters in the phago-
some, which, if not artifactual, would reflect a nonuniform
distribution. It is of interest that in phorbal myristate acetate-
stimulated cells all superoxide-generating activity appears to
be localized on the cytoskeleton (39), cytoskeleton-enriched
membrane domains (40), or detergent stable particles contain-
ing flavin, cytochrome b, and cytoskeletal protein, suggesting
direct or indirect anchorage (39, 40) to the cell cytoskeleton. At
this juncture we can only speculate as to whether there is any
functional relevance to the observed cytochrome b clusters in
phagolysosomes. Work is currently in progress in our labora-
tory to address this question.
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