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Tartrate-resistant acid phosphatase (TRAP) is an en-
yme expressed specifically in osteoclasts and acti-
ated macrophages, two phagocytosing cell types orig-
nating from the same hematopoietic stem cells. TRAP
ontains a binuclear iron centre which has been
hown to generate reactive oxygen species (ROS). In
his study murine macrophage like cell line RAW-264
verexpressing TRAP was shown to produce elevated
evels of hydroxyl radicals compared to parental cells.
RAP transfected cells also had reduced growth rate

ndicating harmful effects of excessive intracellular
OS levels. Using TRAP specific antibody TRAP pro-

ein was shown in alveolar macrophages partially co-
ocalize with late endosomal/lysosomal markers Rab7,
amp 1 and MHC II molecules that bind antigenic
eptides. TRAP also colocalized into compartments
here Staphylococcus aureus were phagocytosed.
hese results suggest that TRAP may have an impor-

ant biological function in the defence mechanism of
acrophages by generating intracellular ROS which
ould be targeted to destroy phagocytosed foreign
aterial. © 2001 Academic Press

Key Words: tartrate-resistant acid phosphatase;
OS; macrophages; antigen presentation.

Tartrate-resistant acid phosphatase (TRAP EC
.1.3.2) is an enzyme which is characteristic for osteo-
lasts (1, 2) and activated macrophages (3). It is also
xpressed in diverse murine tissues, where it is found
n dendritic cells (4). Although the biological function of
RAP is not known, there is evidence that it functions
s a protein tyrosine phosphatase (5–7), and that it has
role in iron metabolism. At the transcriptional level

he iron is one regulator of TRAP expression (8, 9). It
as been also shown, that a binuclear iron centre of
RAP is able to produce hydroxyl radicals from hydro-
en peroxide (H2O2) via Fenton reaction (10). In osteo-

1 To whom correspondence should be addressed. Fax: 358-2-333
352. E-mail: seija.raisanen@utu.fi.
142006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
estruction of endocytosed bone matrix degradation
roducts (11–13). In resorbing osteoclasts degradation
roducts of bone are transported from the ruffled bor-
er through transcytotic route to the cell surface. Ruf-
ed border has indicated to represent late endosomal/

ysosomal characteristics (14). An analogous transport
oute may be involved in macrophages in the antigen
resentation process, where antigenic peptides bind to
HC II molecules, and are transported to cell mem-

rane for T-cell recognizition.
After internalization of soluble antigens by endocy-

osis, MHC II-peptide complexes may be formed in a
ariety of endosomal or lysosomal compartments, al-
hough the majority of this function appears to occur in
ate endocytic compartments (15–17). Phagosomes
hemselves have little microbicidal activity, and this
ctivity is delivered to the phagosome through a mat-
ration process that involves a series of complex fusion
vents with ultimate fusion of terminal lysosomes to
orm phagolysosome. Phagosome maturation results in
trong intravesicular acidification, appearance of lyso-
omal proteolytic activity, and generation of reactive
xygen radicals. These oxygen species include super-
xide (•O2

2, H2O2, hydroxyl radicals (•OH), singlet ox-
gen, and nitric oxide and they are believed to play an
mportant role in microbicidal activity of the phago-
ytic cells.
Conservative structure of the iron centre, wide dis-

ribution of TRAP-like enzymes through primitive an-
mals to higher plants and mammals, and a restricted
xpression of TRAP in macrophage lineage suggest
hysiological function for it. Evidence of the participa-
ion of TRAP in the inflammatory response rises from
he studies with knockout mice lacking TRAP. TRAP
nockout mice showed delayed clearance of the Staph-
lococcus aureus in vivo (18). As macrophages lacking
RAP were able to phagocytose and kill S. aureus
ormally in vitro, TRAP was suggested to influence
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ecruitment of macrophages to sites of microbial inva-
ion.
In this study we have used specific anti-TRAP anti-

ody to analyze the subcellular localization of TRAP
rotein in alveolar macrophages by immunofluores-
ence and confocal microscopy, using a series of mark-
rs corresponding to known cellular compartments. We
lso created TRAP overexpressing macrophage cell line
hich was shown to produce elevated levels of hydroxyl

adicals and have reduced growth rate compared to
arental cells. Our data presented here support the
ole of TRAP in the immune defence system.

ATERIALS AND METHODS

Cell culture and transfection. Alveolar macrophages were ob-
ained by bronchoalveolar lavage from patients investigated for re-
piratory diseases. Cells were collected by centrifucation, suspensed
o DMEM medium (Sigma, St. Louis, MO) supplemented with 2 mM
-glutamine, 100 units/ml penicillin, 0.1 mg/ml streptomycin, and
0% heat-inactivated fetal bovine serum (BioClear UK, Wilts, UK).
HC II expression was maintained by the addition of recombinant

uman interferon-g (25 ng/ml). Cells were grown on glass coverslips
ver night before fixation or treatment with bacteria or transferrin.
Staphylococcus aureus (Molecular Probes, Leiden, The Nether-

ands) stock solution was prepared according to manufacturer’s in-
tructions. For working solution, 1:20 dilution to DMEM was used.
acrophages were infected with bacteria for 10 to 60 min before

xation.
For transferrin endocytosis, cells were incubated with transferrin

0.1 mg/ml) in DMEM for 10 min, changed to fresh medium and
ncubated further for 5–50 min before fixation.

The murine macrophage-like RAW-264 cells were routinely grown
n Hepes-buffered DMEM medium (Sigma) supplemented with 2 mM
-glutamine, 100 units/ml penicillin, 0.1 mg/ml streptomycin, and
0% heat-inactivated fetal bovine serum (BioClear UK, Wilts, UK).
The expression plasmid contained human TRAP cDNA and it was
generous gift from Dr. Sakamurai Reddy (University of Texas
ealth Science Center, San Antonio, TX). Cells were transfected
sing FuGene-reagent (Roche) and selected by 400 mg/ml geneticin

G418; Calbiochem-Novabiochem, San Diego, CA), replacing the an-

FIG. 1. TRAP gene expression in transfected RAW-264 cells.
DNA from RT-reactions were amplified with human TRAP and
ouse GAPDH primers and PCR products were analyzed on an

garose gel. The lanes contained the following: 1, 100 base-pair
adder (Pharmacia); 2 and 4, TRAP cells; 3 and 5, RAW-264 cells.
143
ere maintained in 200 mg/ml geneticin.

TRAP-staining. Cells were cultured on 35-mm dishes, rinsed
ith phosphate-buffered saline (PBS), fixed with 3% paraformalde-
yde (15 min), and stained for TRAP using a Sigma TRAP kit (No.
86-A, Sigma) according to the manufacturer’s instruction.

RNA isolation and RT-PCR. mRNA was isolated from the cells
sing QuickPrep mRNA isolation kit (Pharmacia, Uppsala, Sweden).
thanol precipitated RNAs were dissolved in diethyl pyrocarbonate

DEPC) treated water. First-strand cDNA was synthesized in a 20-ml
eaction mixture containing 15 ml total RNA, 0.5 mM dNTP (Phar-
acia, Uppsala, Sweden), 0.5 mg random hexamer (Promega, Mad-

son, WI), 2 ml of AMV buffer (50 mM Tris–HCl, pH 8.3, 6 mM MgCl2,
0 mM KCl, 4.0 mM DTT) and 20 units AMV reverse transcriptase
Finnzymes, Espoo, Finland). The mixture was incubated at 42°C for
0 min.
Human TRAP sense and antisense primers were used to amplify

bout 680-nt TRAP-fragment and glyseraldehyde-3-phosphate dehy-
rogenase (GAPDH) primers were used to control the amount of
NA. PCR was carried out in 50 ml reaction mixture containing 5 ml
CR buffer (10 mM Tris–HCl, pH 8.8, 1.5 mM MgCl2, 50 mM KCl,
.1% Triton X-100), 0.2 mM dNTP, 0.8 mM of sense and antisense
rimers, 2 ml of RT cDNA, 1 unit DyNAzyme DNA polymerase
Finnzymes Espoo, Finland), and 38.5 ml sterile distilled H2O. PCR
as conducted in a Peltier Thermal Cycler (MJ Research, Water-

own, USA) for 27 cycles. After RT-PCR, samples were electropho-
esed on 1% agarose gel containing 10 mg/ml ethidiumbromide and
iewed under UV-light.

Cellular morphology. Cells were cultured and fixed as mentioned
bove, stained with toluidin blue, and analysed by image analysis
ystem (MCDI/M2, Imaging Research Inc., Brock University, On-
ario, Canada). 50 cells for each assay were analysed.

Measurement of hydroxyl radical production. Hydroxyl radical
roduction of the cells was measured by the method introduced by
alliwell and Gutteridge (19) and modified by Greenwald et al. (20).
his method is based on the degradation of deoxyribose by reaction
ith hydroxyl radical to form a colored end product. Briefly, three
illion cells were incubated for 1 h at 37°C in a 1 ml reaction mixture

ontaining 10 mM deoxyribose, 0.1 mM ascorbate, and 1 mM H2O2 in
BS, pH 7.2. EDTA-chelated iron (100 mM) was used as a positive
ontrol. Colour was developed by heating for 15 min at 100°C in
hiobarbituric acid and trichloroacetic acid. Degradation of deoxyri-
ose was determined by measurement of absorbance at 532 nm.

[3H]thymidine uptake. To measure the rate of [3H]thymidine incor-
oration into cells, 5 3 103 cells/well were plated onto 96-well plates
ith DMEM. After 24, 48, and 72 h [3H]thymidine (0.2 mCi/well) was
dded to the medium and cells were cultured 2 h before measuring the
adioactivity incorporated into DNA with MicroBeta Instrument (Wal-
ac, Finland). Also parallel experiments were performed where after
4 h culture, 50 or 100 mM H2O2 was added to the cells.

Immunofluorescence staining. Cells were rinsed with PBS, fixed
ith 3% paraformaldehyde (15 min), permeabilized with 0.2% Triton
-100 (5 min), and blocked with 1% egg white albumin/0.2% gelatine/
BS over night at 14°C. Primary antibodies were diluted with 0.5%
SA/0.2% gelatine/PBS in the following way: anti-TRAP rabbit poly-
lonal antiserum (21) 1:500, anti-MHC II rat monoclonal (Serotec, Ox-
ord, UK) 1:1000, anti-S. aureus mouse monoclonal (QED Bioscience
nc.) 1:500, anti-Lamp 1 and 2 goat polyclonal (Santa Cruz Biotechnol-
gy) 1:500, anti-EEA1 mouse monoclonal 1:30 (Santa Cruz Biotechnol-
gy), anti-RAB7 goat polyclonal (Santa Cruz Biotechnology) 1:10, and
nti-transferrin mouse monoclonal (BioGenex) 1:30.
Primary antibody incubations (2 h) were followed by anti-mouse,

nti-rabbit, anti-goat or anti-rat secondary antibodies conjugated to
hodamine or FITC (Jackson ImmunocResearch) in 1:100 dilution
30 min). Samples were embedded in 80% glyserol/PBS, and ana-
yzed with Leica TCS-SP confocal laser scanning microscope
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quipped with Argon-Krypton laser (Leica Microsystems Heidelcon-
ocal laser scanning microscope (Leica Microsystems Heidelberg
mbH, Heidelberg, Germany).

ESULTS

Overexpression of TRAP in RAW cells. Human
RAP cDNA was transfected into murine macrophage-

ike RAW-264 cells in order to get stable TRAP over-
xpressing cell line. After selection four geneticin-
esistant clones were obtained, and the clone with the
ighest level of TRAP protein was chosen for further
xperiments.
RT-PCR was used to detect TRAP mRNA expression

n cells. The TRAP specific primers produced a 680-nt
ragment in TRAP cells while no product was seen in

FIG. 2. TRAP-stained RAW-264 cells
144
AW cells, which suggests that endogenous TRAP ex-
ression in parental cells was too low to be detected
Fig. 1).

Histochemical staining showed quite intense TRAP-
ctivity in transfected cells whereas only some positive
ells were detected in parental cell line (Fig. 2).
In accordance to histochemical staining, immunoflu-

rescence staining with polyclonal human TRAP anti-
erum showed that TRAP-protein was expressed in
igh levels in transfected cells (Fig. 3).

Cellular morphology. Because TRAP-overexpressing
ells were observed to have altered phenotype compared
o the parental cells, morphological analysis with image
nalysis system was performed. Four different parame-

) Transfected cells, (B) parental cells.
. (A
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ers were measured, in which three were altered in trans-
ected cells (Fig. 4). TRAP-cells had less projections than
arental cells, which was indicated in decreased form
actor (form factor value 1 represents round form). Miss-
ng projections apparently caused the decreased area and
verage perimeter also detected in TRAP-cells. Average
iameter in transfected cells was not statistically differ-
nt compared to parental cells (data not shown).

Hydroxyl radical production. To test if the ex-
ressed TRAP-protein was able to produce hydroxyl
adicals from H2O2, the deoxyribose-method was used
o compare the hydroxyl radical production in trans-
ected and parental cells. As shown in Fig. 5, TRAP-
verexpressing cells produced significantly more hy-
roxyl radicals than parental cell line.

Cell growth kinetics. Since ROS are known to be
nvolved in the control of cell proliferation, the growth
ate of TRAP overexpressing cells and parental cells
as compared by measuring the uptake of [3H]thymi-
ine. TRAP cells grew significantly slower than control
ells in all three time points as shown in Fig. 6. Cell
rowth was compared also after addition of H2O2 which
an serve as a substrate for hydroxyl radical produc-
ion by TRAP. Addition of 50 mM H2O2 did not affect
he growth of parental cells whereas in TRAP-cells
rowth was reduced at time point 48 h and 72 h by
.5% and 21%, respectively. A 100 mM concentration of

2O2 caused growth reduction also in parental cells
hich was detected at 48 h time point but this reduc-

ion was overcome at time point 72 h. In TRAP-cells
igher concentration of H2O2 reduced the growth rate

FIG. 3. Immunofluorescence staining for detection of TRAP prot
nti-human TRAP antiserum followed by rhodamine-conjugated ant
145
ore than in parental cells, and this effect was not
eversed at time point 72 h.

Subcellular localization of TRAP in alveolar macro-
hages. To characterize the TRAP containing subcel-
ular compartments in macrophages, colocalization
tudies with an anti-TRAP antiserum, and a number of
ntibodies directed against known cellular structures
ere performed. These experiments were done in alve-
lar macrophages in order to exclude possible mistar-
eting of TRAP due to overexpression.
Alveolar macrophages showed intensive vesicular

RAP staining. This staining pattern was distinct from
he staining for EEA 1 (early endosomal autoantigen 1)
Fig. 7A). On the other hand, TRAP staining shared
lear but not compete colocalization with small GTP
inding protein Rab7, which is considered as a late
ndosomal marker (Fig. 7B). Furthermore, TRAP was
olocalized in some large compartments with late
ndosomal/early lysosomal marker Lamp 1 (Fig. 7C).
ouble staining of TRAP and MHC II revealed that

hey colocalized in some rather large vesicles but most
f the MHC II positive vesicles did not contain TRAP
Fig. 7D). Endocytosed transferrin colocalized with
RAP in small vesicles and also in some large roundish
ompartments (Fig. 7E). By confocal microscopy it was
ot clear whether these structures were single cell
ompartments or gatherings of small vesicles. When
acrophages were infected with heat-killed S. aureus,

he phagocytosed bacteria were localized partially to
he same compartments with TRAP within 15 min, and
his colocalization was continued during the following

in transfected RAW-264 cells. Fixed cells were stained with rabbit
bbit Ig.
ein
i-ra
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0 min period (Fig. 7F). Similar large structures as
ith transferrin staining were observed.

ISCUSSION

TRAP is widely used histochemical marker for osteo-
lasts and activated macrophages, particularly alveo-
ar macrophages. Alveolar macrophages, which are
ontinuously exposed to noxious and infectious mate-
ials are known to express TRAP also in normal phys-

FIG. 4. Cellular morphology of TRAP overexpressing cells. (i) Tol
ii) Morphological parameters of the cells assayed with image analysis
s means 6 SD, n 5 50, *** P , 0.001.
146
ological conditions (22). Pathologically increased
RAP expression occurs in cells of hairy cell leukemia

23, 24) and Gauchers’s disease (25). In human
onocyte-derived macrophages TRAP has been local-

zed to lysosomes as shown by colocalization with lyso-
omal membrane marker Lamp1 (26). In this study we
anted to define the localization of TRAP in macro-
hages, particularly its possible presence in the phago-
omes. Our immunohistochemical data indicate that
RAP is localized in a heterogenous group of intracel-

in blue stained parental cells (A) and TRAP overexpressing cells (B).
stem as described under Materials and Methods. Data are expressed
uid
sy
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ular vesicles. Double staining experiments revealed
hat many of these vesicles also express late
ndosomal/lysosomal characteristics. More impor-
antly, we observed that endocytosed S. aureus entered
nto large TRAP containing phagosomes.

RAW-264 cells transfected with TRAP cDNA ex-
ressed TRAP mRNA and protein, but this expression
as lost in a few months. In a previous study TRAP
as transiently expressed in hamster cells, and Nuth-
ann et al. reported failure in stable expression of
RAP (27). They suggested that the inability to estab-

ish stably transfected cell line could be caused by
egative effects of TRAP expression in the host cells.
e were able to maintain expression few months, so

robably TRAP expression itself was not deleterious to

FIG. 5. Hydroxyl radical production of TRAP transfected cells.
OH production was detected by measuring the formation of colored
nd product (A532) from deoxyribose fragments. Data are expressed
s means 6 SD, n 5 6, ***P , 0.001.

FIG. 6. Growth curves of TRAP overexpressing and parental cell
easured over 72 h period. In parallel experiments 50 or 100 mM H
147
ur expression vector switches off quite quickly in
AW-264 cells (28) explaining the transient expres-
ion. The changes in the cell morphology of TRAP-
verexpressing RAW-264 cells could be specific to
RAP protein or they might be only side effects of
ransfection. Nuthmann et al. did not detect any alter-
tions in cell morphology of TRAP-overexpressing
HK-21 cells as observed by phase-contrast micros-
opy.
TRAP-overexpressing cells showed increased hy-

roxyl radical production compared to parental cells,
s expected according to previous studies. Because
RAP in its native reduced form has an Fe(III)-Fe(II)
ctive site, the ferrous ion is able to react with hydro-
en peroxide to produce a ferric ion and a hydroxyl
adical. The ferric ion formed can further react with
ydroxen peroxide (29) to form a superoxide anion and
ferrous ion. Thus a sequence of reactions generating

oth hydroxyl radicals and superoxide anion may occur
s long as hydroxen peroxide is available. The potential
ctivity of TRAP as a Fenton catalyst was first recog-
ized in studies of porcine enzyme (30). Later Hayman
t al. demonstrated that recombinant human TRAP is
ctive in the catalysis of luminol peroxidation indicat-
ng that iron centre is accessible for ferroxidation (31).
urthermore, in previous studies we have shown that
ecombinant rat bone TRAP and iron-chelated EDTA
ere approximately equally potent in facilitating hy-
roxyl radical formation from H2O2 (13). In macro-
hages these hydroxyl radicals may participate in de-

H] thymidine incorporation into cells growing on 96-well plates was
2 was added to the cells after 24 h culture.
s. [3

2O



s
t
i
s
t
g
o
w
p
t
r
p
r
t
M
t
s
b
i
g

i
s
d
p
h
c
m

r
s
g
e
t
p
s
t
p
m
H
d

c
a
r

Vol. 288, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
truction of phagocytosed foreign material similarly as
hey function in bone matrix degradation. Interest-
ngly, Schindelmeiser et al. (32) reported TRAP expres-
ion together with nitric oxide synthase I (NOS-I) in
he superficial cells of the human ureter. They sug-
ested that nitric oxide generated by NOS-I and super-
xide anion produced by TRAP form peroxynitrite,
hich is strong oxidant and may be directed against
athogenic microorganisms of the urine. The impor-
ance of hydroxyl radicals produced by Fenton type
eaction in microbicidal activity of macrophages is sup-
orted by the recent findings, where Nramp 1 (natural
esistance-associated macrophage protein 1) was found
o be recruited to the membrane of phagosome upon
ycobacterium phagocytosis, and transport iron into

he bacterium containing phagosome. This iron was
uggested to catalyse the hydroxyl radical production
y Fenton/Haber–Weiss reaction, and account for the
ncreased capacity of the cells to limit mycobacterial
rowth (33). In TRAP-deficient mice after stimulus

FIG. 7. Subcellular localization of TRAP in alveolar macrophage
ompartments. (A) TRAP (green) and EEA1 (red), (B), TRAP (red) a
nd MHC II (red), (E) TRAP (green) and endocytosed transferrin (red
hodamine (red) images were overlaid to identify colocalization (yell
148
ncreased superoxide and nitrite production was ob-
erved (18). However, TRAP-deficient mice showed re-
uced capacity to clear bacterial pathogens from the
eritoneal cavity in vivo. This suggests that the en-
ancement of other ROS production could not over-
ome the defect in immune system in TRAP-lacking
ice.
TRAP-overexpressing cells showed reduced growth

ate compared to parental cells. This might be only
econdary effect due to exogenous DNA insertion to the
enome. On the other hand, also transiently TRAP
xpressing BHK-21 cells grew at a 50% lower rate than
he control cells (27). Furthermore, ROS are known to
articipate to the control of cell proliferation; they
timulate or inhibit cell growth depending on the in-
racellular redox state. A certain ROS concentration is
hysiological, and oxygen radicals are used as second
essengers to activate many transcription factors.
owever, an excess of ROS is harmful to cells as they
amage DNA, RNA, protein and lipids. Cells can coun-

Double-staining with TRAP protein and markers of known cellular
Rab7 (green), (C) TRAP (red) and Lamp1 (green), (D) TRAP (green)

) TRAP (green) and phagocytosed S. aureus (red). FITC (green) and
.

s.
nd
), (F
ow)
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olecules. In our previous study we overexpressed car-
onic anhydrase III in NIH/3T3 cells, and noticed in-
reased growth rate compared to parental cells. In
hese cells also lowered level of free radicals was de-
ected indicating antioxidant capacity of carbonic an-
ydrase III (34). Relatively high concentration of H2O2

s available at the sites of inflammations. Thus TRAP
as substrate for hydroxyl radical production, which
an have direct destructive function, and can also have
role in cellular signalling.
In summary, colocalization of S. aureus and TRAP in

arge phagosomes indicates that ROS production cata-
ysed by TRAP could be used to enhance cells’ ability to
estroy phagocytosed bacteria and other material. It
emains to be studied if the presence of TRAP in the
ntigen presentation route also indicates a more de-
ned role for it in the processing and presentation of
ntigens.
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