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Bone-resorbing osteoclasts and activated macro-
phages express large amounts of tartrate-resistant
acid phosphatase (TRAP), an iron-containing enzyme
with unknown biological function. We studied acid
phosphatase (AcP) and reactive oxygen species (ROS)-
generating activities of recombinant rat TRAP. pH op-
timum was 4.5 for AcP activity and 6.5 for ROS-
generating activity. Replacement of His113 and His216
by site-directed mutagenesis severely inhibited AcP
activity, but had no significant effects on ROS-gener-
ating activity. Substrate specificity was not affected
by the mutations. These results suggest that AcP and
ROS-generating activities of TRAP are functionally
independent. © 2002 Elsevier Science (USA)

Key Words: purple acid phosphatase; AcP; ROS; sub-
strate specificity; site-directed mutagenesis.

Mammalian tartrate resistant acid phosphatase
(TRAP, EC 3.1.3.2) is a basic glycoprotein whose ex-
pression under physiological conditions is restricted to
osteoclasts and activated macrophages, especially al-
veolar macrophages of the lung (1). Together with sim-
ilar enzymes isolated from animals, plants and fungi, it
belongs to the group of purple acid phosphatases (2).
The physiological functions of purple acid phospha-
tases in biological systems are not yet known, and no
natural substrates have been unambiguously estab-
lished. Mice deficient in TRAP develop mild osteope-
trosis (3), and overexpression of TRAP causes in-
creased rate of bone turnover (4), suggesting that
TRAP has an important role in bone resorption.
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The catalytic site of TRAP contains a binuclear iron
center, where one of the irons is redox-active, while the
other is in the ferric state (5). The enzyme may exist in
two forms: the inactive purple form, where the redox-
active iron is in the ferric state, and the active pink
form, where it is reduced to the ferrous state. The
active enzyme is also capable of generating reactive
oxygen species (ROS) through Fenton’s reaction, where
the ferrous ion reacts with hydrogen peroxide to pro-
duce highly destructive hydroxyl radicals (6—8). Thus,
the same active site is used for both the acid phospha-
tase (AcP) and the ROS-generating activity, and both
activities require the redox-active iron to be in the
ferrous form.

The binuclear iron center of purple acid phospha-
tases has been studied extensively using various spec-
troscopic techniques (5, 9—11). More recently, the crys-
tal structures of mammalian (12-14) and plant (15, 16)
purple acid phosphatases have been determined. The
crystallographic studies have revealed that the highly
conserved residues His113, His216, and Asp267 line
the active-site cleft of the mammalian enzyme, and
these amino acids have therefore been implicated in
substrate binding and/or catalysis. In this work, we
have probed the proposed role of these residues in the
enzymatic mechanism of rat purple acid phosphatase
using site-directed mutagenesis.

MATERIALS AND METHODS

Site-directed mutagenesis. Site-directed mutagenesis was achieved
by using the QuikChange site-directed mutagenesis kit (Stratagene,
West Cedar Creek, TX). This method allows site-directed mutation in
double-stranded plasmid (17). The following oligonucleotide primers
were used to generate the desired mutations: D267A, 5'-GGCAAC-
TTCATGGCCCCTTCTGTGCGG-3' and 5'-CCGCACAGAAGGGGCC-
ATGAAGTTGCC-3’, H216A, 5-CCCATCTGGTCCATCGCCGAGGC-
CGGACCCACCCGCTGCCTGGTC-3" and 5'-GACCAGGCAGCGGGT-
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GGGTCCGGCCTCGGCGATGGACCAGATGGG-3', H216Q, 5'-CCC-
ATCTGGTCCATCGCCGAGCAGGGACCCACCCGCTGCCTGGTC-3’
and 5'-GACCAGGCAGCGGGTGGGTCCCTGCTCGGCGATGGACCA-
GATGGG-3', H113A, 5'-GTGCTGGCTGGAAACGCTGATCACCTTGGC-
AATGTC-3' and 5-GACATTGCCAAGGTGATCAGCGTTTCCAGCCAG-
CAC-3', H113Q, 5'-GTGCTGGCTGGAAACCAAGATCACCTTGGCAAT-
GTC3' and 5-GACATTGCCAAGGTGATCTTGGTTTCCAGCCAGCAC3'.
The transfer vector pVL1392, which contains the rat bone TRAP DNA
fragment was used as the template (18). The mutation products were
sequenced using the ABI PRISM BigDye Terminator Cycle Sequencing
Ready Reaction kit (Perkin—Elmer, Norwalk, CT) to verify the mutation
and the integrity of the rest of DNA.

Enzyme production and purification. The wild-type and mutant
proteins were produced in Sf 9 insect cells (19) and purified to
apparent homogeneity with the methods published earlier (18). The
purity of the mutant proteins was evaluated by SDS-PAGE (20)
using PhastSystem (Pharmacia, Uppsala, Sweden) with PhastGel
gradient media 10-15. Protein concentrations were measured accord-
ing to the Bradford method (21). The replacement of Asp267 by
alanine creates a possible additional glycosylation site in the en-
zyme. This variant however, showed no increase in the molecular
mass when evaluated by SDS—-PAGE electrophoresis.

Kinetic characterization of mutant enzymes. The formation of
ROS was determined by monitoring the formation of malondialde-
hyde acetal from degradation products of deoxyribose (22). Substrate
specificity was studied by measuring phosphatase activity as follows
(23): 100 wl of 200 NM enzyme diluted in 50 mM sodium citrate
buffer, pH 4.5, was reduced with 200 mM 2-mercaptoethanol. The
reduced enzyme was incubated with 100 ul of 6.25 mM 4-nitrophenyl
phosphate (4-NPP), B-glycerophosphate, o-phospho-L-serine and
o-phospho-L-tyrosine, respectively, dissolved in the same buffer, for
15 min at 37°C. The reaction was terminated by the addition of 800
wl of ice-cold 3.75% trichloroacetic acid. The mixture was placed in
an ice-water bath for 5 min. The denatured protein was pelleted by
centrifugation for 3 min in an Eppendorf centrifuge. The reaction
vials were immediately placed in an ice-water bath, and analysis of
the released inorganic phosphate was performed on a 200-ul aliquot
of the supernatant. 200 ul of sample, 800 ul of water, 200 ul of
reagent A (2% ammonium molybdate - 4H,0), and 300 wl of reagent
B (14% ascorbic acid in 50% trichloroacetic acid) were mixed and,
after one m, 1 ml of reagent C (2% trisodium citrate - 2H,0 plus 2%
sodium arsenite in 2% (v/v) acetic acid) was added. Color was allowed
to develop for 4 min, and absorbance was measured at 700 nm.

In the kinetic measurements, 4-NPP was used as substrate. All
measurements were carried out in triplicate. The following substrate
concentrations were used: 0.8-200 mM for wild-type and mutant
Asp267Ala, 0.8-50 mM for the mutants at position His216 and
0.8—100 mM at position His113. The steady-state kinetic constants
for 4-NPP were derived from the analysis of rate vs substrate con-
centration. K, and V. values were calculated by nonlinear regres-
sion analysis using the GraphPrismPad software.

Absorption spectra. The absorption spectra were determined us-
ing 400 pg of purified non-reduced wild-type enzyme and the mu-
tants Asp267Ala, His216Ala, His216GIn, His113Ala, and His113GIn
in a total volume of 60 ul of 50 mM sodium acetate buffer at pH
5.0. The spectra were recorded with a Shimadzu UV 160-A spectro-
photometer.

RESULTS

Kinetic Parameters and Substrate Specificity
of AcP Activity

The K., and V. values of the wild-type and mutated
enzymes with 4-NPP as substrate are shown in Table
1. The specific activity of the wild-type enzyme toward
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TABLE 1
Kinetic Parameters of Wild-Type and Mutant TRAP

Enzyme K (MM) Keat (57%) Kea/ K (575 M7
Wild-type  40.6 =4.1 4045+ 19.9  10.0 X 10° = 0.38 X 10°
D267A 47995 4157 +586 85X 10° =+ 0.61 X 10°
H216A 61+03 232*45 3.8 X 10° = 0.56 X 10°
H216Q 223+34 150=x21 0.7 x 10° = 0.04 x 10°
H113A 15.4 + 0.1 2401 0.2 X 10° = 0.01 X 10°
H113Q 6.7+ 0.1 7.8+ 36 1.2 X 10° + 0.50 X 10°

Note. Measurements were carried out in 0.05 M Na-citrate buffer,
pH 4.5, using 4-nitrophenyl phosphate as substrate. Values are
means = SD, n = 3.

phosphotyrosine was comparable to the activity with
4-NPP. Phosphoserine and B-glycerophosphate, how-
ever, were not hydrolyzed by the wild-type enzyme nor
by any of the mutants. The K, values for 4-NPP were
of the same order of magnitude for all mutants, with
the largest decrease (about fivefold) occurring in the
His113GIn and His216Ala mutants compared to the
wild-type enzyme. Significant decreases in the k., val-
ues were seen for the mutants at the positions His113
and His216, where substitutions led to a drop in rate
by up to two orders of magnitude. In terms of catalytic
efficiency, the mutations at position 113 were most
deleterious, with a drop in k./K, by up to 75-fold
(His113Ala).

The K /K, versus pH profiles of wild-type TRAP and
the Asp267Ala mutant were very similar, and the cat-
alytic efficiency of this mutant was not impaired sig-
nificantly over the whole pH range measured (Fig. 1).
The His216Ala mutant showed a shift in pH depen-
dency and recovered to reach similar k./K,, values as
wild-type TRAP at very low pH values. Substitutions
at the position His113 led to a mutant enzyme with
very low catalytic efficiency over the whole pH range.

Comparison of AcP and ROS-Generating Activities

Figure 2A shows the rate versus pH curves for the AcP
and ROS-generating activities of wild-type recombinant
rat TRAP. The curves were different for the two reac-
tions, with the pH optimum for phosphoester hydrolysis
close to pH 4.5 and the pH optimum for ROS-generating
activity at pH 6.5. To further determine if there are
differences between the AcP and the ROS-generating
activities of recombinant rat TRAP, we studied if the
mutants at the positions His113 and His216, which were
almost inactive as acid phosphatase, were able to gener-
ate ROS. As shown in Fig. 2B, the ROS-generating ca-
pacity was only slightly impaired in the four mutants.
For both histidine residues, the mutation to alanine in-
activated the ROS-generating activity more than the mu-
tation to glutamine.
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FIG. 1. k/K, versus pH profile for wild-type and mutant TRAP.

Absorption Spectra

The absorption maximum of the wild-type enzyme in
the visible region of the spectrum was at 514 nm. The
Asp267Ala mutant was slightly more oxidized, as in-
dicated by the shift in the absorption maximum to 534
nm. The absorption maximum of all the other variants
were at 507-514 nm (data not shown).

DISCUSSION

Rat purple acid phosphatase is a globular enzyme
with overall dimensions of 36 X 42 X 54 A (14). The
structure consists of two seven-stranded mixed B-sheets,
with each sheet flanked by solvent-exposed a-helices
on one side. The two B-sheets pack onto each other,
forming a B-sandwich. The binuclear iron center is
located at the bottom of the active-site pocket at one
edge of the B-sandwich. The highly conserved polar
residues (Fig. 3) His113, His216, and Asp267, which
are also conserved in the plant enzymes, line the ac-
tive-site cleft. The replacement of the residues His216
and His113 by alanine seriously impaired the AcP ac-
tivity of recombinant rat TRAP, which demonstrated
that these two residues have an important role in phos-
phoester hydrolysis. The recovery of k. /K, in the
His216Ala mutant at low pH values suggests that this
residue might also participate in leaving group proto-
nation. The observed increase in k./K, at low pH
might be due to direct protonation of the leaving group,
which partly compensates for the loss of the proton-
donating histidine side chain.

Our findings are consistent with most of the conclu-
sions derived from crystallographic studies. The active
site structures of mammalian (12-14) and plant purple
acid phosphatase (15) revealed hydrogen bond interac-
tions of His113 and His216 with oxygen atoms of bound
phosphate. Thus, it was proposed that the positively
charged imidazole side chains stabilize the negative
charge developing at the oxygen atoms in the transi-
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tion state (14, 16). Our findings also revealed that the
role of Asp267 in catalysis suggested previously (14)
seems less likely.

Our results further show that the AcP and the ROS-
generating activities of TRAP are independent of each
other. They have different pH optima, and the mutants
of the enzyme that are almost inactive as acid phos-
phatase still have a high capacity to generate ROS.
Although both of these two activities require the binu-
clear iron center, and especially the redox-active iron
in the reduced state, the underlying catalytic mecha-
nisms appear to be different. In AcP activity, a rather
complex molecule with a phosphate group attached to
an aromatic hydroxyl group binds to the active site,
whereas in ROS-generating activity, the substrate is
hydrogen peroxide, a much smaller molecule with a
completely different structure. The present mutagene-
sis data indicate that different amino acids are impor-
tant for the binding of these two substrates into the
active site and the catalytic rate acceleration. The dif-
ferent pH optima of the two activities suggest that they

A —e— AcP
1.0 . —A— ROS
A
Q 0.8
% 0.6 4 \. -
0. .; e —_— / .\0—0&

30 35 40 45 50 55 60 65 7.0 7.5 80

pH

[ JAcP
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Relative activity

D267A

H216A H216Q
Mutant

FIG. 2. Comparison of the phosphatase and radical-generating
activities of wild-type and mutant rat TRAP. (A) pH optima of the
two activities. The results are presented as relative activities, where
the activities at the pH optima were given the value 1.0; (B) Com-
parison of the AcP and ROS-generating activities in the wild-type
enzyme and in the mutated forms Asp267Ala, His113Ala, His113GIn,
His216Ala, and His216GIn. Results are presented as relative specific
activities, where the specific activities of the wild-type enzyme were
given the value 1.0.
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FIG. 3. Stereoview of the active site in purple acid phosphatase color-coded according to atom type. The bound sulfate ion indicates the

approximate position of phosphate in the enzyme—P; complex.

may be utilized in different intracellular compart-
ments, and that the pH of the compartment may be one
important determinant of which of the activities of this
dual enzyme is most significant.

We and others have shown that TRAP is capable of
hydrolyzing free and peptide-bound phosphotyrosine,
but not phosphoserine. However, there are studies in-
dicating that some phosphoserine-containing proteins,
such as osteopontin and bone sialoprotein, may be use-
ful substrates for this enzyme (24). These studies sug-
gest that the AcP activity of TRAP would function in
the resorption lacuna, which has an acidic pH.

Large amounts of TRAP are found in bone-resorbing
osteoclasts and activated macrophages. In resorbing
osteoclasts, TRAP is localized in transcytotic vesicles
transporting bone matrix components from the resorp-
tion lacuna to a functional secretory domain in the
basolateral membrane (8). The ROS generated by
TRAP are capable of destroying type | collagen, the
major protein in the bone matrix, and macrophages
overexpressing TRAP have increased amounts of intra-
cellular ROS (8).

Previous studies have shown that resorbing oste-
oclasts produce superoxide that is endocytosed from
the ruffled border into an intracellular compartment
(probably the transcytotic vesicles) containing super-
oxide dismutase, an enzyme that converts superoxide
to hydrogen peroxide (25). Thus, the transcytotic vesi-
cles of osteoclasts may contain large quantities of both

superoxide and hydrogen peroxide, which are impor-
tant substrates for the continuous production of ROS
by TRAP. Hydrogen peroxide is needed to produce ROS
by Fenton’s reaction and superoxide to convert the
redox-active iron of TRAP back into the ferrous form,
thereby maintaining the mixed-valent form needed to
produce ROS.

In activated macrophages, TRAP is localized in the
antigen presentation route transporting endocytosed
foreign material into the cell membrane where they are
presented to other cells of the immune system (26).
Both the transcytotic route of osteoclasts and the an-
tigen presentation route of macrophages represent a
transport route from a late endosomal/lysosomal com-
partment to the cell membrane, and it would be rea-
sonable to suggest that TRAP would have a similar
biological function in these analogous intracellular
routes. This function could be to generate ROS that
would be used to further destroy the initial bone matrix
degradation products in the transcytotic vesicles of
osteoclasts and the foreign antigens in the antigen
presentation route of macrophages.
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