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Proteomic analysis of mouse kidney peroxisomes: identification of RP2p as
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Proteomic analysis of mouse kidney peroxisomes resulted in the
identification of a novel nudix hydrolase designated RP2p, which
is encoded by the D7RP2e gene. RP2p consists of 357 amino
acids and contains two conserved domains: a nudix hydrolase do-
main and a CoA-binding domain. In addition, a PTS (peroxisomal
targeting signal) type 1 (Ala-His-Leu) was found at the C-ter-
minus. Analysis of the enzyme characteristics revealed that RP2p
is a CoA diphosphatase with activity towards CoA, oxidized CoA
and a wide range of CoA esters, including choloyl-CoA and
branched-chain fatty-acyl-CoA esters. The enzymatic properties

of RP2p indicate that at low substrate concentrations medium
and long-chain fatty-acyl-CoA esters are the primary substrates.
Enzyme activity was optimal at pH 9 or above, and required the
presence of Mg*" or Mn** ions. Subcellular fractionation studies
revealed that all CoA diphosphatase activity in mouse kidney is
restricted to peroxisomes.

Key words: acyl-CoA ester, kidney, mouse, nudix hydrolase,
peroxisome, proteomics.

INTRODUCTION

Peroxisomes are small subcellular organelles that are present in
virtually all eukaryotic cells. They are involved in a number of es-
sential metabolic functions, including «- and B-oxidation of fatty
acids, ether-phospholipid biosynthesis and L-pipecolic acid oxi-
dation [1,2]. Peroxisomal proteins are encoded by nuclear genes,
synthesized in the cytosol on free ribosomes and imported into the
organelle. Newly synthesized proteins destined for peroxisomes
contain a specific PTS (peroxisomal targeting signal) which di-
rects them to the organelle [3,4].

Defects in one or more peroxisomal functions are associated
with severe clinical manifestations. So far, 17 different diseases,
including single and multiple enzyme deficiencies, belong to the
group of peroxisomal disorders [5,6]. Thanks to the marked in-
crease of new information with respect to the functions and bio-
genesis of peroxisomes in the past decade, the metabolic and mol-
ecular basis of most of the known peroxisomal disorders has been
resolved. However, the total number of disorders linked to a dys-
function of peroxisomes may well increase as we gain more in-
sight into the functions of this organelle. Therefore the elucidation
of the complete protein composition of peroxisomes is of crucial
importance for our understanding of their role in human meta-
bolism and disease.

In the present paper, we describe the identification and charac-
terization of a novel nudix hydrolase, named RP2p, from male
mouse kidney peroxisomes. Mouse RP2p shows diphosphatase
activity towards CoA and a wide range of CoA esters, including
medium- and long-chain fatty-acyl-CoA esters. We also identified
the human and rat homologue of RP2p in the GenBank® database.
Our data indicate that this peroxisomal nudix hydrolase not only
plays arole in the breakdown of free CoA in peroxisomes, but also
converts fatty-acyl-CoA esters into acyl-4'-phosphopantetheine
esters and 3',5-ADP.

EXPERIMENTAL

CoA and Complete, Mini™ protease inhibitor cocktail tablets
were obtained from Roche Applied Science. CoA esters and 3',5'-
ADP were purchased from Sigma Chemical Co. All other chemi-
cals used were of analytical grade.

Purification of peroxisomes from male mouse kidney

Kidneys were obtained from male Swiss mice, 4-6 months of age,
and were homogenized in 5 mM Mops buffer, pH 7.4, containing
250 mM sucrose, 2 mM EDTA and 0.1 % ethanol. A post-nuclear
supernatant was produced by centrifugation of the homogenate
at 600 g for 10 min at 4°C. Peroxisomes were isolated by using
equilibrium density-gradient centrifugation in a 20-35 % (w/v)
Nycodenz gradient with a 50 % (w/v) cushion as described in
[7]. Fractions of 2 ml were taken from the bottom of the gradient
and were assayed for the marker enzymes glutamate dehydro-
genase (mitochondria), catalase (peroxisomes), phosphogluco-
isomerase (cytoplasm), S-hexosaminidase (lysosomes) and
esterase (microsomes) as described previously [8,9]. Protein con-
centration was measured according to the method of Bradford
[10], using BSA as standard.

Two dimensional gel-electrophoresis

BN (Blue native)-PAGE was performed at 4 °C according to the
method of Schégger and von Jagow [11], using a 5-14 % poly-
acrylamide gradient gel. Before electrophoresis, a fraction con-
taining purified peroxisomes (approx. 0.5 mg of protein) was dis-
solved in loading buffer containing 1 % (w/v) digitonin and was
subsequently applied to the gel. Electrophoresis was continued
until most of the dye was eluted from the gel. After electro-
phoresis, strips of approx. 0.5 cm width were sliced from the gel,
and prepared for SDS/PAGE according to the method of Laemlli

Abbreviations used: BN, Blue native; DTT, dithiothreitol; IPTG, isopropyl g-D-thiogalactoside; MALDI-TOF, matrix-assisted laser-desorption ionization—
time-of-flight; MBP, maltose-binding protein; PTS, peroxisomal targeting signal; Q-TOF, quadrupole time-of-flight.
* To whom correspondence should be addressed (email R.J.Wanders@amc.uva.nl).
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[12]. First the gel strips were covered with loading buffer and
incubated for 15 min at 37°C. After a brief wash with electro-
phoresis buffer, the strips were positioned on top of a standard
SDS/PAGE gel (10 % polyacrylamide separation gel with a 5%
stacking gel). After electrophoresis, the proteins were stained with
silver according to the method of Rabilloud et al. [13].

Identification of proteins by MALDI-TOF (matrix-assisted
laser-desorption ionization-time-of-flight)-MS and Q-TOF
(quadrupole time-of-flight) MS/MS analysis

Protein-containing gel slices were S-alkylated, digested with tryp-
sin (Roche Molecular Biochemicals, sequencing grade), and ex-
tracted according to the method of Shevchenko et al. [14].
Extracted peptides were concentrated using a SpeedVac, and the
pellet was taken up in 10 pl of 1 % methanoic (formic) acid, 60 %
acetonitrile. When required, the extracted peptides were purified
and concentrated using Zip-Tips (Millipore). Peptides were eluted
from the Zip-Tips with 5-10 ul of 1% formic acid and 60 %
acetonitrile. The peptide solution was mixed with an equal volume
of 10 mg/ml «-cyano-4-hydroxycinnamic acid (Sigma Chemical
Co.) solution in acetonitrile/ethanol (1:1, v/v) with 1 % trifluoro-
acetic acid and 1 mM ammonium acetate. A volume of 1 ul was
spotted on the target and was allowed to dry at room temperature
(20°C). MALDI-TOF-MS spectra were acquired on a Micromass
M@LDI-R equipped with a 2-GHz digitizer. The resulting pep-
tide spectra were used to search a non-redundant protein sequence
database (Swiss-Prot/TTEMBL) using the Proteinprobe program
or the MASCOT search engine and database. For ESI-Q-TOF
(electrospray ionization Q-TOF) MS, 2 ul of a peptide solution
was introduced into a nanospray capillary, and positive mode spec-
tra were recorded with a Q-TOF mass spectrometer (Micromass)
equipped with a Z-spray source.

Cloning of the mouse D7RP2e cDNA

First-strand cDNA was prepared from mouse kidney as described
in [15] and was used as a template to amplify the RP2p encoding
cDNA by PCR using Tag DNA polymerase and the following
primers: a forward primer, 5'-GGATCCATGAGCAGCTCGAG-
CAGC-3', containing a BamHI endonuclease site (underlined) and
a reverse primer, 5'-AAGCTTTTACAGGTGGGCAGTATATC-
3’, with a HindIII endonuclease site (double underlined). The PCR
protocol for amplification of the RP2p-encoding cDNA was 94 °C
for 2 min followed by 30 cycles of 94°C for 30's, 55°C for 30 s
and 72 °C for 2 min and a final extension step at 72 °C for 2 min.
The PCR product was purified using the Prep-A-Gene Purification
kit (Bio-Rad) and was cloned downstream of the IPTG (isopropyl
B-D-thiogalactoside)-inducible Py, promoter into the BamHI and
HindIII sites of the bacterial pMAL-C2X expression vector (New
England Biolabs) to express mouse RP2p as a fusion protein
with MBP (maltose-binding protein). The open reading frame
was sequenced to exclude sequence errors introduced during PCR
amplification.

Expression and purification of mouse RP2p

Transformed Escherichia coli (BL21) were grown at 37°C in
500 ml of LB (Luria—Bertani) medium supplemented with 0.1 %
(w/v) glucose and 100 pg/ml ampicillin to a D¢y, of approx. 0.5,
and IPTG was added to a final concentration of 0.1 mM to induce
protein expression. After 4 h at 37°C, cells were collected by
centrifugation for 5 min at 1000 g. The pellet was dissolved in
PBS solution with 0.1 % (v/v) Triton X-100 and protease inhibitor
cocktail (one tablet of Complete, Mini™ per 10 ml of solution).
Cell lysates were prepared by sonication for three periods of 20 s at
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Figure 1 Two-dimensional electrophoresis of mouse kidney peroxisomes

Inthefirstdimension, proteins were separated using BN-PAGE and subsequently by SDS/PAGE in
the second dimension. Subsequently, proteins were visualized by silver staining. See the Exper-
imental section for details. Arrows indicate the direction of electrophoresis during the first dimen-
sion (A) and second dimension (B). Molecular mass markers (sizes in kDa) for the second
dimension are on both sides of the gel.

8-9 W in an ice water bath, followed by centrifugation at 12000 g
for 15 min at 4 °C. The supernatant was used for the purification
of the MBP-fusion protein using approx. 4 ml of amylose resin as
described by the manufacturer (New England Biolabs).

Measurement of CoA diphosphatase activity

CoA diphosphatase activity was measured in a 100 mM Tris/HCI
buffer, pH 9.0, containing 5 mM MgCl,, 10 mM DTT (dithio-
threitol) and 2 mM CoA in a final volume of 125 ul. Reactions
were started by adding the protein sample and were terminated
after 15 min at 37°C by the addition of 25 ul of 2 M perchloric
acid. After neutralization with potassium carbonate, the samples
were centrifuged for 10 min at 12000 g at 4°C. After dilution of
the supernatants with an equal volume of 100 mM ammonium
phosphate (buffer A), 50 ul was used to analyse CoA and its
metabolites on a HPLC system using a 250 mm x 4.6 mm Supel-
cosil LC-18-S column equilibrated with buffer A at a flow rate
of 1 ml/min. The metabolites were eluted from the column with a
linear gradient of 20 min changing from 100 % buffer A to 100 %
buffer B (mixture of buffer A/methanol, 50:50). Absorption was
measured at 265 nm using a Gynkotek UVD 340S photodiode
array detector with Chromeleon software, version 6.50. The
amount of 3',5'-ADP produced in the assay was calculated using
a curve of 3',5'-ADP standards analysed using the same method.
When CoA esters were used as substrates, DTT was excluded
from the incubation mixture as it stimulates the non-enzymatic
hydrolysis of the ester-bond at high pH (results not shown), and
the HPLC method was extended with a second linear gradient of
5 min changing from 100 % buffer B to 100 % buffer C (16.9 mM
sodium phosphate, pH 6.9/acetonitrile, 20:80).

RESULTS
Identification of proteins from mouse kidney peroxisomes

Peroxisomes were isolated from male mice kidneys and subjected
to a combination of BN-PAGE and SDS/PAGE followed by silver
staining. A representative two-dimensional gel is shown in Fig-
ure 1. The two-dimensional gel shows several proteins migrating
as larger complexes of proteins in the first, native, dimension as
compared with their migration rate in the second, denaturing,
dimension. This suggests that these proteins are part of a pro-
tein complex in their native state. To identify the individual
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Table 1 Identification of proteins from mouse kidney peroxisomes using
MALDI-TOF-MS

Protein spots derived from the two-dimensional gel were prepared for MALDI-TOF-MS analysis
as described in the Experimental section. The resulting peptide spectra were used to search a
non-redundant protein sequence database (Swiss-Prot/TrEMBL) using the Proteinprobe program
or the MASCOT search engine and database. The molecular mass of the denatuggd proteins
was calculated from their primary amino acid sequence as taken from the GenBank ~ database.
DHAP, dihydroxyacetonephosphate.

Molecular mass (kDa)

No. Identified protein Native Denatured  Remarks
1 Catalase 240 59.8 Homotetramer [17]
2 Acyl-CoA oxidase | 140 746 Homodimer [16]
3 L-Hydroxyacid oxidase 2 140-240 38.8 Homomultimer
4 a-Methylacyl-CoA racemase  ~80 a7 Homodimer
5 RP2p <50 40.4 Accession number P11930
6  D-Amino acid oxidase <50 38.7 Manomer
7 trans-2-enoyl-CoA reductase  ~30/~60 325 Monomer and homodimer
8  Epoxide hydrolase ~70 62.5 Accession number P34914
9 Peroxisomal bifunctional ~80/~160 782 Monomer and oligomer
enzyme
10  Acyl-CoA oxidase 3 >100 78.4 Homodimer
11 A3 A%-Enoyl-CoA <50 35.2 Riken 1810022C23 gene
isomerase
12 Alkyl-DHAP synthase ~70 71.7(67.0)  Precursor (mature form)
13 Carnitine ~80 70.3 Accession number P11466

0-octanoyltransferase

proteins, spots were excised from the gel and prepared for
MALDI-TOF MS as described in the Experimental section. This
resulted in the identification of 13 distinct proteins as summarized
in Table 1.

Most of the proteins identified have already been reported as
peroxisomal. This includes acyl-CoA oxidase I (Figure 1, spots
numbered 2). The calculated molecular mass of the full-length
protein, based on the amino acid sequence obtained from the
GenBank® database (accession number QOROHO, mouse peroxi-
somal palmitoyl-CoA oxidase), is 74.6 kDa. However, the protein
was observed mainly as two fragments with apparent molecular
masses of approx. 50 and 20 kDa. Using peptide mass finger-
printing analysis, it could be deduced that the 50 kDa protein is the
N-terminal part, while the 20 kDa protein contains the C-terminal
part of acyl-CoA oxidase I. Integration of the known molecular
masses and the relative position of the identified proteins on the
two-dimensional gel leads us to the conclusion that acyl-CoA
oxidase I forms a homodimer and mainly consists of two cleaved
polypeptides. These results are in line with the work of Miyazawa
et al. [16] on acyl-CoA oxidase from rat liver. Several of the other
proteins were also observed as oligomers in the two-dimensional
gel. This includes catalase (Figure 1, spot number 1), L-hydroxy-
acid oxidase 2 (Figure 1, spot number 3) and «-methylacyl-CoA
racemase (Figure 1, spot number 4).

One protein was identified that had not been linked to peroxi-
somes previously. This protein is the mouse testosterone-regulated
RP2 protein encoded by the D7Rp2e gene (accession number
P11930, androgen-regulated protein rp2, SW:RP2_MOUSE,
Chr 7 (7B1) Roswell Park 2 complex, LocusID: 110959 UniGene
Cluster Mm.27194). Six peptides could reliably be matched,
resulting in 25.8 % coverage (results not shown). Mouse RP2p
consists of 357 amino acids with a calculated molecular mass of
40.3 kDa. This is in line with the apparent molecular mass of the
protein observed in the two-dimensional gel (Figure 1, spot num-
ber 5). Analysis of the amino acid sequence of RP2p revealed
two conserved domains. The first domain was found at amino
acids 30-50 and contains a putative binding motif for CoA and

A
MmRP2p (27) (52}
RnRP2p (27) (52}
HsRP2p (42) (67)
Mmiude7 (53} (78)
ScPedl (54) (79)
CeNdxs (44) (69)

B
MmRPZ2p {92} ADPARLP! (120]
RnRPZp (92) ADGAALP! {120]
HsRPZp {111) KTDNTGTLP! {139]
Mmudt7 (76) KRD----F {100]
ScPedl (77) KAD---YF {101;
CeNdxg (67) MD----D (92}

Figure 2 Partial sequence alignment of RP2p to related nudix hydrolases

Sections of the RP2p amino acid sequence from mouse (MmRP2p), rat (RnRP2p) and human
(HsRP2p) containing the CoA-binding motif (A) with the PROSITE UPF0035 signature and the
nudix domain (B) were aligned to mouse Nudt7a (MmNudt7; GenBank® accession number
NP_077757), S. cerevisiae Pcd1 (ScPed1; GenBank® accession number NP_013252) and
C. elegans Ndx-8 (CeNdx8; GenBank® accession number NP_493372). The start and end amino
acid positions are indicated in parentheses before and after each sequence.

A

rezp (27) FRUBLCEBoNORFLEEARVEEEGVLDAADSSPDWVRLFAPRHTPER
Nudt7 (53) LYLMF DKLKREFBEVCRRE- - - - - <= -=--=-cmmmnmamnn
RPZp (75) FGLGPEPPRQPPFPGLSHEDADFAALPERVALRICHIEEFEEARNL
Mudt? (76) =-=---------ooe- BxroevoT-ERTAT- - - B EEAoBEVER
B

REZp (22) GFELALLOBRONCER- - - - - RHV (56)
RP2p  (57) Wi - BFAPEHT P PRI§GLGPERFROP --lsH (93)

Figure 3 Analysis of the amino acid sequence containing the conserved
domains of mouse RP2p

(A) Amino acid sequence alignment containing the putative CoA-binding domain with
the signature LLTXR(SA)X3RX3GXsFPGG designated UPF0035 in the PROSITE database
(underlined) and the nudix box sequence signature motif (nudix or NUDT motif)
GXsEXs(UA)XRE(UA)XEEXGU (double underlined) of mouse RP2p and Nudt7. (B) Alignment of
the two amino acid sequences of the observed repeat in mouse RP2p. Start and end amino acid
positions are indicated in parentheses before and after each sequence.

its derivatives with the signature LLTXR(SA)X;RX;GX;FPGG
designated UPF0035 in the PROSITE database. This motif is also
present in mouse Nudt7 and yeast Pcdl, two nudix hydrolases
with activity towards CoA [19,20]. The second domain was found
at amino acids 92—-119 and contains the nudix box sequence sig-
nature motif (nudix or NUDT motif) GX5EX5(UA)XRE(UA)-
XEEXGU (where U indicates a hydrophobic amino acid). Further-
more, a peroxisomal targeting signal type 1 was found at the
C-terminus (Ala-His-Leu). A human (GenBank® accession num-
ber XM_372723) as well as a rat (GenBank® accession number
XP_218512) homologue of RP2p were also identified in the
GenBank® database. Both the human and rat proteins have a
typical PTS type 1 at their C-terminus, SHL and ARL respectively.
Figure 2 shows the alignment of the two conserved domains of
RP2p from mouse, man and rat with other nudix hydrolases with
CoA diphosphatase activity; mouse Nudt7 [19], Saccharomyces
cerevisiae Pcdl [20] and Caenorhabditis elegans Ndx8 [21].
Comparison of the organization of the two motifs within mouse
RP2p and Nudt7 shows that, in Nudt7, both motifs are positioned
close to each other, while, in RP2p, the motifs are separated
by a stretch of 42 amino acids (Figure 3A). Further analysis of
the amino acid sequence of mouse RP2p was carried out using the
RADAR (Rapid Automatic Detection and Alignment of Repeats
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Figure 4 SDS/PAGE of purified recombinant mouse RP2p

Mouse RP2p was expressed in E. coli as an MBP-fusion protein and was subsequently purified
using amylose resin. The indicated amounts of the purified protein and molecular mass markers
(M) were applied to an SDS/polyacrylamide gel. The gel was stained with Brilliant Blue G
according to the method described by Neuhoff et al. [18]. Molecular-mass sizes are given in
kDa.

software at EMBL-EBI) program, and the result is shown in
Figure 3(B).

Characterization of RP2p

Mouse RP2p was expressed in E. coli as a fusion protein with
MBP and was purified using amylose resin. The purity of the
isolated fusion protein was established by SDS/PAGE (Figure 4).
The enzymatic properties were determined using a broad range of
substrates, including ATP, ADP, NAD*, NADH, FAD, NADP~*,
NADPH and CoA. The initial assay conditions used were as
described by Gasmi and McLennan [19] for mouse Nudt7. Only
in the case of CoA as substrate did we observe the formation of a
product which was identified as 3',5'-ADP using the commercially
available compound for comparison in the HPLC analysis (results
not shown). Subsequently, the optimal conditions for enzyme ac-
tivity were determined using CoA as substrate. As shown in
Figure 5(A), activity was highest at alkaline pH. To keep non-
enzymatic breakdown of CoA to a minimum, however, all sub-
sequent incubations were performed at pH 9.0.

So far, all known nudix hydrolases strictly require bivalent
metal ions in order to be active. Therefore we tested the activity
of RP2p in the presence of a series of bivalent metal ions, including
Mg?". This revealed that the enzyme was active only in the pre-
sence of Mg and Mn** with no activity with any of the other
bivalent cations tested (Figure 5B). Finally, the activity of RP2p
was measured both at pH 9.0 and at pH 7.4, a more physiological
pH, using different concentrations of Mg?* or Mn** ions. The
results (Figure 5C) show that the highest activity was obtained
with Mg”* at a concentration of 5 mM. At bivalent metal ion con-
centrations below 1 mM, however, RP2p activity was higher with
Mn?>* than with Mg?". Fluoride, a common inhibitor of nudix
hydrolases, also inhibited the purified recombinant enzyme with
an ICs, value of approx. 50 uM (results not shown).

To determine the substrate specificity of mouse RP2p, the puri-
fied recombinant protein was tested with a wide range of CoA
esters (Figure 6). Diphosphatase activity was observed with all
substrates used, but the highest activity was obtained with me-
dium-chain acyl-CoA esters. Higher rates of enzyme activity were
found with the unsaturated acyl-CoA esters compared with the
saturated esters. Also with choloyl-CoA and dimethylnonanoyl-
CoA, a branched-chain fatty-acyl-CoA ester, diphosphatase ac-
tivity was readily detectable, whereas with pristanoyl-CoA, only
minor activity was observed.
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Figure 5 Enzymatic characterization of mouse RP2p

(A) The pH-dependency of CoA diphosphatase activity of purified mouse kidney peroxisomes
(m, 10 g protein) and recombinant mouse RP2p (@, 2.8 g of protein) was determined under
the assay conditions as described in the Experimental section, except that Tris/HCI buffer was
replaced with glycine/Hepes buffer (100 mM each) at the indicated pH. (B) Requirement of
bivalent metal ions for CoA diphosphatase activity. Purified recombinant mouse RP2p (2.8 1g
of protein) was incubated under the standard assay conditions as described in the Experimental
section in the presence or absence of several bivalent metal ions as indicated on the left at a final
concentration of 5 mM. (C) Mg?+ and MnZ* ion dependency of CoA diphosphatase activity.
CoA diphosphatase activity was measured under the conditions described above in the presence
of Mg?+ (@,0) or Mn>t (M,0J) at the indicated concentrations using a Tris/HCI buffer at
pH 9.0 (M, @)or 7.4 (0,0).

To analyse further the substrate specificity of mouse RP2p, the
enzyme activity was measured using several substrates, including
free CoA, 3'-dephospho-CoA, oxidized CoA, lauroyl-CoA (C,,,-
CoA) and palmitoyl-CoA (C,s0-CoA), at different substrate
concentrations. Lineweaver—Burk plots were used to calculate
both K, and V., values, and results are summarized in Table 2.
The highest rate of enzyme activity was obtained when free CoA
was used as a substrate. When 3’-dephospho-CoA was used as
a substrate, no product (5-AMP) was observed. In addition, the
hydrolysis of free CoA was not inhibited when 3’-dephospho-
CoA was added in excess amounts (results not shown). The V.,
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Figure 6 Substrate specificity of mouse RP2p

Purified recombinant mouse RP2p (2.8 1.g of protein) was incubated for 15 min under the
standard assay conditions as described in the Experimental section, except that DTT was
omitted from the incubation mixture. All substrates, indicated on the left, were added to a final
concentration of 200 .M. Diphosphatase activity is given as the mean for two independent
experiments and do not vary by more than 5 %. DMN-CoA, dimethylnonanoyl-CoA.

Table 2 Analysis of the enzymatic properties of mouse RP2p

CoA diphosphatase activity was measured as described in the Experimental section. K, and
Vimax Values were calculated from Lineweaver—Burk plots using at least five data points measured
in duplicate. N.D., not detectable.

Substrate K (mM) Vimax (4mol/mg per min) Vi K
CoA 0.60 0.56 0.93
3'-Dephospho-CoA N.D. N.D. -
Oxidized CoA 0.58 0.012 0.02
Lauroyl-CoA 0.08 0.2 2.5
Palmitoyl-CoA 0.01 0.013 13
Choloyl-CoA 0.1 0.17 17
Pristanoyl-CoA 0.1 0.009 0.09

values as determined for lauroyl-CoA and palmitoyl-CoA were
much lower when compared with that of CoA; however, the K,
values calculated for these substrates were also much lower. As
a consequence, the V../K,, ratios for these substrates were even
higher when compared with that of free CoA.

To determine the subcellular distribution of CoA diphosphatase
activity in mouse kidney, an isopycnic density-gradient experi-
ment was performed (Figure 7). Analysis of the density gradient
showed that CoA diphosphatase activity co-localized with cata-
lase, the marker enzyme for peroxisomes. The bulk of CoA
diphosphatase activity was found in the high-density fractions
with two minor peaks at lower densities in which catalase activity
was also observed.

Previously, Gasmi and McLennan [19] reported the presence of
a nudix hydrolase, Nudt7, with activity towards CoA in peroxi-
somes. These investigators found that Nudt7 activity was optimal
at pH 8 [19]. For RP2p, however, we observed the highest enzyme
activity at pH 9.0 and above. Therefore, to discriminate which en-
zyme is most active in mouse kidney peroxisomes, we compared
the pH-dependency of CoA diphosphatase activity in our purified
mouse kidney peroxisomes with that of the purified recombinant
enzyme. The result, shown in Figure 5(A), revealed that the pH-
dependency of CoA diphosphatase activity is identical in both

samples, implying that RP2p is responsible for most, if not all, of
the CoA diphosphatase activity in mouse kidney peroxisomes.

DISCUSSION

Proteomic analysis of mouse kidney peroxisomes revealed a novel
peroxisomal nudix hydrolase, designated RP2p. It is encoded
by the D7RP2e gene and is also known as androgen-regulated
protein rp2. The primary structure of RP2p consists of 357 amino
acids. The protein contains a putative CoA-binding site, a nudix
box sequence signature motif and a PTS type 1 (Ala-His-Leu) at
the C-terminus. Based on the results from the two-dimensional
gel-electrophoresis experiments, RP2p appears to be monomeric
under native conditions. Alignment of the two conserved domains
of mouse RP2p with nudix hydrolases with CoA diphosphatase
activity from other species showed a high degree of similarity.
However, it should be noted that the CoA-binding domain and the
nudix hydrolase domain in MmNudt7, CeNdx-8 and ScPcdl are
in close proximity to each other, while, in RP2p, these domains
are separated by a stretch of approx. 40 amino acids. Analysis
of the primary structure of mouse RP2p suggests that the stretch of
amino acids which separates the two domains could originate
from a duplication of the nucleotide sequence encoding amino
acids 22-56 containing the complete CoA-binding domain. This
is supported by the fact that comparison of the coding nucleotide
sequences reveals a high degree of similarity.

Characterization of the enzymatic properties showed that RP2p
can hydrolyse CoA into 3,5-ADP and 4'-phosphopantetheine.
Like other nudix hydrolases, RP2p requires the presence of Mg?*
or Mn?* ions for its enzyme activity and is inhibited by fluoride.
Besides CoA, RP2p can also use medium- and long-chain fatty-
acyl-CoA esters, as well as pristanoyl-CoA and choloyl-CoA, as
substrates. Unsaturated fatty-acyl-CoA esters were hydrolysed at
an even higher rate compared with saturated CoA esters. The
highest rate of diphosphatase activity was obtained with free CoA
as substrate, although the K, value for CoA is also relatively
high. The affinity of RP2p for medium- and long-chain fatty-
acyl-CoA esters, however, is much higher, which implies that, at
physiological substrate concentrations, CoA esters could be the
preferred substrates. When the ‘inactive’ forms of CoA, oxidized
CoA and dephospho-CoA, were used as substrate, little or no
activity was observed. In addition, the K, value for oxidized CoA
was comparable with that of CoA. From this we can conclude that
it is unlikely that RP2p plays a role in the elimination of these
substances from the peroxisomal lumen.

Analysis of the subcellular distribution of CoA diphosphatase
activity in mouse kidney showed that most, if not all, of the ac-
tivity is indeed located in peroxisomes. Although most of the
activity was found in the high-density fractions, two minor peaks
of activity were observed at intermediate and low densities. As
all of these fractions also contain catalase activity, we believe that
the peak observed at intermediate density represents a peroxi-
somal subpopulation, while the peak at low density is due to en-
zymes leaked from the peroxisomal lumen.

The expression of the RP2 gene in mouse kidney has been
investigated extensively in the past, although the function of
the gene product remained unknown [22-27]. Depending on the
mouse strain, RP2 mRNA levels (also known as MAK mRNA
and pMK908) can undergo 2—12-fold induction in response to
testosterone. The expression of RP2 is driven by at least two
promoters, only one of which is androgen-inducible [25]. It is
intriguing that the expression of this gene is induced by androgens,
including testosterone, at least in mouse kidney and liver, but
not in heart, brain, muscle, testes and submaxillary gland [23].
Androgens are not known to affect the expression of other genes

© 2006 Biochemical Society
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Figure 7 Subcellular distribution of CoA diphosphatase activity in mouse kidney

A post-nuclear supernatant of kidneys from nine male mice was prepared and subjected to equilibrium density-gradient centrifugation using a linear 20—35 % (w/v) Nycodenz gradient as described
by Wanders et al. [7]. After centrifugation, the gradient was fractionated, and marker enzymes and CoA diphosphatase activities were measured in all fractions: (A) catalase (peroxisomes);
(B) B-hexosaminidase (lysosomes); (C) CoA diphosphatase; (D) glutamate dehydrogenase (mitochondria); (E) esterase (microsomes); and (F) total protein concentration. Results are percentages

of total activity observed (A—E) or mg/ml protein (F).

that code for peroxisomal enzymes, with the exception of D-amino
acid oxidase, which is known to catalyse the oxidative deamin-
ation of D-amino acids [28]. There is no obvious metabolic link
between RP2p and D-amino acid oxidase, which makes it difficult
to see what role RP2p and/or D-amino acid oxidase play in
androgen-regulated metabolism.

The highest levels of RP2 mRNA have been found in mouse
kidney, but RP2 mRNA is also observed in heart, brain, muscle,
testes, submaxillary gland and, in lower amounts, in liver [19].
Even under testosterone-induced conditions, the RP2 mRNA
levels in liver are still lower compared with those in uninduced
kidney. Nudt7, however, another peroxisomal nudix hydrolase
with CoA diphosphatase activity, is primarily expressed in liver
and, to a lesser extent, in kidney [19]. So far, the substrate
specificity of this enzyme has been tested only for a small number
of CoA esters, including acetyl-CoA and succinyl-CoA, and it is
unclear whether Nudt7 is capable of using long-chain CoA esters
as substrates. Therefore it cannot be concluded that RP2p and
Nudt7 share the same function in peroxisomal metabolism.

The results of the present study show that the products of
peroxisomal S-oxidation are the primary substrates for RP2p.

© 2006 Biochemical Society

This suggests that RP2p is involved in the catabolism of the per-
oxisomal B-oxidation products. To date, two peroxisomal nudix
hydrolases with activity towards CoA and CoA esters, Nudt7 and
RP2p, have been identified. This could indicate that the formation
of acyl-phosphopantetheine esters from acyl-CoA esters is not
a minor pathway. Recently, Antonenkov et al. [29] postulated
that peroxisomal nudix hydrolases could play a role in the
export of metabolites from the peroxisomal matrix. The authors
demonstrated that the peroxisomal membrane is permeable for
small molecules and cleavage of large bulky molecules like CoA
into smaller molecules could make them more suitable for export
[29]. Our results suggest that this export pathway is accessible
not only to free CoA, but also possibly to all products of the
peroxisomal B-oxidation. In addition, free CoA plays an important
role in the peroxisomal B-oxidation, as it is essential for the ac-
tivity of 3-oxo-acyl-CoA thiolase. Depletion of this substrate from
the peroxisomal lumen would render the enzyme inactive and
subsequently halt peroxisomal S-oxidation. The relatively low af-
finity of RP2p for CoA supports this. We believe that RP2p may
well regulate free CoA levels by preventing CoA accumulation in
peroxisomes.
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Until now, the presence and possible functions of acyl-phos-
phopantetheine esters have never been studied and therefore it
is still unclear whether these esters are synthesized only to ac-
commodate their export from the peroxisomal matrix to the cyto-
sol or whether they also serve other, as yet unknown, functions.
It will therefore be important to elucidate the role of these esters
in human metabolism.
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