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Abstract
Peroxisomes produce reactive oxygen species (ROS), which may participate in biotransformations
of innate biomolecules and xenobiotics. Isolating functional peroxisomes with low levels of
contaminants would be a useful tool to investigate biotransformations occurring in these
organelles that are usually confounded with biotransformations occurring in other co-isolated
organelles. Here we immunoisolate peroxisomes, demonstrate that the impurity level after
isolation is low and that peroxisomes retain their biological activity. In this method, an antibody
targeting a 70 kDa peroxisomal membrane protein was immobilized to silanized magnetic iron
oxide beads (1–4 μm in diameter) coated with Protein A. Peroxisomes from L6 rat myoblast
homogenates were magnetically captured, washed and then analyzed for subcellular composition
using enzymatic assays. Based on the ratio of peroxisomal to lysosomal activity, the retained
fraction is 70-fold enriched relative to the unretained fraction. Similarly, the ratio of peroxisomal
activity to mitochondrial content suggests that the retained fraction is >30-fold enriched relative to
the unretained fraction. H2O2 production from the β-oxidation of palmitoyl-CoA demonstrated
that the isolated peroxisomal fraction was biologically active. Capillary electrophoresis with laser-
induced fluorescence detection (CE-LIF) analysis confirmed that the immunopurified fractions
were capable of transforming the anti-cancer drug doxorubicin and the fatty acid analog, BODIPY
500/510 C1C12. Besides its use to investigate peroxisome biotransformations in health and
disease, the combination of magnetic immunoisolation with CE-LIF could be widely applicable to
investigate subcellular specific biotransformations of xenobiotics occurring at immunoisolated
subcellular compartments.
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1. Introduction
Peroxisomes are organelles involved in drug metabolism and physiological detoxification.
[1] About 50 enzymes identified in peroxisomes are responsible for these processes.[1] The
metabolic functions of peroxisomes include balancing cellular reactive oxygen species
(ROS),[2] α- and β-oxidation of fatty acids,[3] and biosynthesis of bile acids,
docosahexaenoic acids and ether glycerolipids.[4] The deficiencies in peroxisomal function
lead to inherited diseases such as Zellweger syndrome.[5] Peroxisomes are also involved in
the metabolism of diverse drugs and xenobiotics such as analgesics, anti-inflammatories,
nutritional ingestants, insecticides and plasticisers,[6] suggesting that they play an important
role in the metabolism of drugs and xenobiotics.
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To investigate the peroxisomal-specific biotransformation of drugs and xenobiotics, highly
enriched peroxisomes free from interfering organelles such as mitochondria and lysosomes
are necessary. The purifications of peroxisomes are usually done by differential or density
gradient centrifugation or a combination of both.[7] However, the purity of the peroxisomes
obtained by differential centrifugation is usually low because the sedimentation
characteristics of peroxisomes are close to that of mitochondria and lysosomes. A
considerable amount (~23%) of peroxisomes was detected in a light mitochondria fraction
obtained by differential centrifugation at 25,300g for 20 min.[8] In density gradient
centrifugation, the biological function of peroxisomes is impaired due to the long
centrifugation time (e.g., up to 16 hours) and density gradient media such as sucrose, which
exert osmotic pressure at the high-density end of the gradient. It is necessary to develop
purification methods that can isolate peroxisomes with high selectivity and functional
integrity. Luers et al. reported the immunoisolation of peroxisomes with an antibody
conjugated to magnetic beads.[9] Kikuchi used this method to isolate peroxisomes for
peroxisomal protein profiling.[10] There are no previous reports describing the combination
of immunoisolated peroxisomes with capillary electrophoretic techniques to investigate
subcellular specific biotransformations of drugs and xenobiotics such as doxorubicin
(DOX).

DOX widely used in treating solid tumors and leukemia[11] is susceptible to oxidation by
H2O2-activated peroxidases[12] or by direct exposure to H2O2.[13] Capillary
electrophoresis (CE) with laser-induced fluorescence detection (LIF) has been used to
analyze both DOX and its metabolites in plasma,[14, 15] cells,[16] subcellular fractions,[17,
18] and individual organelles.[19, 20] The requirement of small volume (i.e., nanoliters) of
samples by CE and the high sensitivity of LIF detection make it possible to analyze
fluorescent analytes in limited sample volumes such as those obtained from immunoisolated
organelles.

In this report, we immunoisolate peroxisomes from L6 rat myoblasts with low levels of
contaminating organelles. The isolated peroxisomes were bioactive as confirmed by
monitoring H2O2 production from β-oxidation of palmitoyl-CoA. The biotransformations of
an anthracycline, DOX (Figure 1A) and a fluorescent fatty acid analog, BODIPY 500/510
C1C12 (B12FA, Figure 1B) in these organelles were monitored by micellar electrokinetic
chromatography (MEKC), a mode of CE, with LIF detection (i.e., MEKC-LIF). These
results confirmed that there is a modest biotransformation of DOX and fluorescent fatty acid
analogs in the immunoisolated peroxisomes.

2. Material and methods
2.1 Chemicals and reagents

MagnaBind Protein A Beads and BCA kit were purchased from Thermo Fisher Scientific
(Rockford, IL). Anti-PMP70 antibody (produced in rabbit), coenzyme A trilithium salt
(CoA), β-Nicotinamide adenine dinucleotide (NAD), flavin adenine dinucleotide disodium
salt hydrate (FAD), palmitoyl coenzyme A (palmitoyl-CoA), horseradish peroxidase (Type
I), protease inhibitor cocktail, gentamicin, imidazole, Triton X-100, titanium (IV) oxysulfate
and p-nitrophenyl-N-acetyl-β-D-glucosamide were purchased from Sigma-Aldrich (St.
Louis, MO). BODIPY® 500/510 C1C12, BODIPY® FL C3, BODIPY® FL C5 and
BODIPY® FL C11 (abbreviated as B12FA, B3FA, B5FA and B11FA, respectively; see
structures in Figure S1 in the Electronic Supplementary Material), 10-N-nonyl-Acridine
Orange (NAO), fluorescein, Amplex Red reagent, Dulbecco’s modified Eagle’s medium
(DMEM), trypsin (5.0 g/L, 10×)-EDTA (2.0 g/L) and bovine serum were purchased from
Invitrogen (Carlsbad, CA). Adenosine-5′-triphosphate (ATP) was from Roche Scientific
(Indianapolis, IN). Doxorubicin hydrochloride was a generous gift from Meiji Seika Kaisha
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Ltd. (Tokyo, Japan). Sodium dodecyl sulfate (SDS), sodium citrate, sodium phosphate
monobasic and dibasic, sodium carbonate, sodium bicarbonate, sulfuric acid (H2SO4),
hydrochloric acid (HCl) and hydrogen peroxide (H2O2, 30% solution) were purchased from
Mallinckrodt Chemicals (Phillipsburg, NJ). Sodium borate decahydrate, sodium hydroxide
(NaOH) and sucrose were from Fisher Scientific (Fair Lawn, NJ). γ-cyclodextrin was
purchased from TCI America (Portland, OR). 10× phosphate-buffer saline (1.37 M NaCl,
14.7 mM KH2PO4, 78.1 mM Na2HPO4, and 26.8 mM KCl) was purchased from EMD
Chemicals (Gibbstown, NJ). Rat IgG control (Catalogue # NBP1-71666) was purchased
from Novus Biologicals (Littleton, CO). Mouse IgG1 control (Catalogue #
ALX-804-870TD-C050) was purchased from Enzo Life Sciences (Farmingdale, NY).

The cell homogenization buffer was made of 250 mM sucrose, 3 mM imidazole, 1 mM
EDTA and 1% protease inhibitor cocktail, pH 7.4. The binding buffer used in
immunoisolation was 100 mM sodium phosphate buffer, pH 8.0. The MEKC separation
buffer for DOX and metabolites contained 10 mM borate, 10 mM SDS, pH 9.3 (BS10). The
MEKC separation buffer for B12FA and metabolites contained 30 mM borate, 30 mM SDS,
5 mM γ-cyclodextrin, pH 9.3 (BS30-γCD5). All the buffers were made using 18 MΩ water
purified from a Millipore water purification system (Millipore, Billerica, MA) and the pH
was adjusted with 0.1 M HCl or NaOH.

The stock solutions of DOX and BODIPY fatty acid analogs were prepared by dissolving
them in methanol to a concentration of 1 mM.

2.2 Cell culture and sample preparation
L6 myoblasts (ATCC, Manassas, VA) were cultured in DMEM containing 10% (v/v) bovine
serum and 10 μg/ml gentamicin in 75-cm2 vented culture flasks at 37 °C and 5% CO2. The
cells were split every 3 to 4 days before they reached confluence. For splitting, the cells
were rinsed with PBS, lifted with 5 ml 0.25 g/L trypsin and diluted in fresh growth medium
to 20 ml.

In sample preparation, L6 cells were pelleted by centrifugation at 1000g for 10 min, washed
twice with 1×PBS and reconstituted in the homogenization buffer to a cell density of 2×107

cells/ml. The cells were then disrupted by 30 strokes in an ice-chilled Dounce homogenizer
(0.00025″ clearance, Kontes Glass, Vineland, NJ). Trypan blue stain was used to ensure that
more than 95% of the cells were disrupted. The cell homogenate was centrifuged at 600g for
10 min to remove unbroken cells, nuclei and cell debris. The post nuclear fraction (PNF)
was used for immunoisolation of peroxisomes.

2.3 Immunoisolation of peroxisomes
Protein A beads were first incubated in binding buffer containing 1% BSA for 1 h to reduce
non-specific binding. An anti-PMP70 antibody or a control (rat IgG or mouse IgG1)
antibody was then bound to the protein A beads (4×10−10 mg IgG per bead) at 4 °C for 1 h
while the mixture was gently vortexed. After incubation, the antibody-coated beads were
washed three times with binding buffer to remove any unbound antibody. PNF was added to
the coated beads at a ratio of 25 beads per cell and incubated at 4 °C for 1 h. The supernatant
(unretained fraction) containing cytosol and unbound organelles was removed and saved for
further analysis; the beads with bound peroxisomes (retained fraction) was washed 3 times
in binding buffer and reconstituted in homogenization buffer.

2.4 Protein quantification and enzyme assays
Protein amounts in the retained and unretained fractions were quantified with a BCA kit
according to the manufacture’s protocol. For the retained fraction, the proteins were first
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eluted from the beads with 10% SDS and the eluent was used for protein quantification. The
difference in protein contents of antibody-coated beads with and without PNF exposure was
used to determine the amount of PNF protein that is not specifically adsorbed to the beads.
Non-specifically bound PNF protein was always present regardless of antibody used. For
instance, in Trial 1 the non-specifically bound PNF protein was 0.26±0.02 and 0.26±0.04
μg/μl of bead suspension for rabbit anti-PMP70 and mouse IgG1, respectively; in Trial 2 the
non-specifically bound PNF protein was 0.11±0.03 and 0.15±0.03 μg/μl of bead suspension
for rabbit anti-PMP70 and rat IgG, respectively. These results show that protein amounts are
not sufficient to assess specific binding and that organelle specific markers (i.e. enzymatic
assays) are needed to characterize the isolation of peroxisomes.

Catalase and β-hexosaminidase assays were used to assess the enzyme activities of retained
and unretained fractions. The catalase assay, an peroxisomal enzyme activity assay, was
carried out according to Storrie’s protocol.[22] Briefly, H2O2 (11.7 mM) in 2 mM imidazole
buffer containing 5% BSA and 0.2% Triton X-100 was incubated with both fractions for 10
min at room temperature. After incubation, titanium (IV) oxysulfate in 0.5 M H2SO4 was
added to form a yellow complex with the unreacted H2O2. The absorbance of the complex
was measured at 405 nm with a Synergy 2 plate reader (Biotek, Winooski, VT). Catalase
activity was reported as the rate of decomposition of H2O2 (μmol/min). The β-
hexosaminidase assay was used to assess the lysosomal activity in both retained and
unretained fractions. The assay was modified from that described by Barret.[23] Both
fractions were mixed with p-nitrophenyl-N-acetyl-β-D-glucosamine (7.5 mM) in citrate
buffer (0.3 M sodium citrate and 0.3 M NaCl, pH 4.3) and incubated at 37 °C for 45 min.
After incubation, terminating solution (0.5 M Na2CO3 and 0.5 M NaHCO3) was added to
the mixture to stop the reaction. The absorbance of the product, p-nitrophenol, was
measured at 410 nm. β-hexosaminidase activity was reported as the rate of formation of p-
nitrophenol (μmol/min).

The abundance of mitochondria in both fractions was determined by NAO labeling. NAO is
a fluorescent marker labeling cardiolipin in the mitochondria inner membrane.[24] In this
assay, cells was labeled with 5 μM NAO on ice for 10 min and washed twice with 1×PBS
before homogenization. After immunoisolation, the unretained fraction was centrifuged at
16,000g and the resulting pellet was dissolved in 10% SDS. The retained fraction was eluted
from the beads with 10% SDS. The fluorescence intensities of dissolved pellet (unretained
fraction) and eluent (retained fraction) were measured with a Synergy 2 plate reader (λex =
480 nm and λem = 528 nm). The abundance of mitochondria was reported in μmole of NAO.

The ratios of catalase activity to β-hexosaminidase activity and catalase activity to NAO
amount were used to determine the relative enrichment of peroxisomes in the various
fractions. Enzymatic activities or NAO abundance were not converted to specific activities
(i.e. activity/mg protein) to avoid complications that may result from non-selective protein
absorption observed in the protein A-antibody conjugates. The null hypothesis “there is no
significant difference of ratios (mentioned above) between the retained and unretained
fractions” was tested by Student’s t-test using statistical software “R”. The null hypothesis
was rejected when the p-value (p) <0.02 (98% confidence level).

2.5 Amplex Red H2O2 assay
After peroxisomes were immunoisolated, their β-oxidation activity was assessed by
measuring H2O2 resulting from oxidation of palmitoyl-CoA using the Amplex Red reagent.
The retained fractions were incubated with Amplex Red reagent (50 μM), horseradish
peroxidase (2 units/ml) and palmitoyl-CoA (10 μM). A preparation not containing
peroxisomes was used as a control. After 30 min incubation at room temperature, the
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fluorescence intensities of the mixtures were measured with a Synergy 2 plate reader (λex =
530 nm and λem = 590 nm).

2.6 In vitro metabolism of B12FA and DOX in isolated peroxisomes
After immunoisolation, the retained and unretained fractions were incubated with 5 μM
B12FA, and cofactors for β-oxidation, i.e., 0.5 mM Coenzyme A, 1mM NAD, 0.5 mM FAD
and 5 mM ATP at 37 °C.[25] Aliquots was removed from the incubation mixture at 15, 30,
60 and 120 min and frozen at −80 °C until MEKC analysis.

For DOX biotransformations, after immunoisolation the retained and unretained fractions
were incubated with DOX (10 μM), palmitoyl-CoA (0.5 mM), FAD (0.5 mM) and NAD (1
mM) at 37 °C. Palmitoyl-CoA was added to induce the production of H2O2.[26] FAD and
NAD were added as cofactors for peroxisomal β-oxidation of palmitoyl-CoA.[27] Samples
from the reaction mixture were taken at 15, 30, 60 and 120 min and frozen at −80 °C until
MEKC analysis.

2.7 MEKC analysis of B12FA or DOX in vitro metabolites
The MEKC-LIF separation of DOX and metabolites was reported previously,[16] while the
separation system of B12FA used a new buffer system containing borate, SDS and γ-
cyclodextrin.

After incubation with xenobiotics, both the retained and unretained fraction were directly
diluted with the MEKC-LIF separation buffer. The unretained fraction did not require
further preparation prior to MEKC-LIF analysis, while the retained fraction required gently
mixing to dissolve the retained material and removal of the magnetic beads with a magnet.
Samples were introduced into a fused silica capillary (50 μm I.D. and 150 μm O.D.,
Polymicro Technologies, Phoenix, AZ) by hydrodynamic injection at 10.8 kPa for 1 s. Then
the capillary was then brought into a vial containing separation buffer and MEKC was
performed under a +400 V/cm electric field in a custom-built instrument equipped with post-
column LIF detection, previously described.[18] Briefly, a sheath flow cuvette encased the
detector end of the capillary. The last 2-mm of this end had the polyimide coating burned off
to reduce the background fluorescence caused by this material. As fluorescent analytes
migrated out from the capillary, they were excited at 488 nm with an argon ion laser (JDS
Uniphase, San Jose, CA). Fluorescence was collected at a 90° angle with respect to the laser
beam by a 60×, N.A. 0.7 microscope objective (Universe Kogaku, Inc., Oyster Bay, NY). A
505 nm long-pass filter (505 AELP, Omega Optical, Brattleboro, VT) and a 1.4 mm pinhole
were used to reduce light scattering. A 635 ± 27.5 nm (XF3015) or a 520 ± 17.5 nm
(XF3007) band-pass filter (Omega Optical, Brattleboro, VT) was used to select fluorescence
from DOX and its products or B12FA and its products, respectively. Fluorescence was then
detected in a photomultiplier tube (PMT) (Hamamatsu, Bridgewater, NJ) biased at 1000 V.
The PMT output was sampled at 10 Hz and processed with a Labview program (National
Instruments, Austin, TX).

Daily, prior any MEKC-LIF experiment, the capillary was conditioned with sequential
flushes of 0.1 mM NaOH, water and separation buffer for 30 min each using 150 kPa
pressure at the inlet. For conditioning capillaries between samples, the same conditioning
sequence was followed, but for the flushes lasted only 2 min each. The separation buffer was
replaced every 2 h with a new vial to avoid buffer contamination and electrolyte depletion
which causes migration time drift.[28] Prior to sample analysis, the instrument was aligned
by maximizing the response of 5 ×10−10 M fluorescein that continuously flowed through the
detector while applying a +400 V/cm electric field.
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2.8 MEKC data analysis
Electropherograms were processed using Igor Pro (Wavemetrics, Lake Oswego, OR) to
determine peak intensities and areas.

In the study of DOX transformation, corrected mobilities were used to compare peaks in
retained and unretained fractions. The correction was done according to the two-marker
method described by Li et al.[29] that uses the expression

(Equation 1)

(Equation 2)

where tX,corrected is the corrected migration time of a peak X in a sample and t̂x is its
observed migration time; t̂m1 and t̂m2 are the migration times of the markers, and tm1 and tm2
are the migration times of the markers in the reference run. The corrected mobility of the
peak X was calculated by

(Equation 3)

where L is the length of the capillary, and V is the separation voltage.

The corrected mobilities of the peaks in the retained and unretained fractions were compared
using Student’s t-test. The null hypothesis “there is no significant difference in the mobility
of peak X in the retained and unretained fractions” was rejected when the p-value <0.02
(98% confidence level).

3. Results and Discussion
3.1 Purity of the immunoisolated peroxisomes

Catalase and β-hexosaminidase are established enzyme markers of peroxisomes and
lysosomes, respectively.[22, 30] We measured their activities in the retained and unretained
fractions to determine the relative abundance of their respective organelles. NAO, which is a
mitochondrion-specific fluorescent probe, labels cadiolipins in the mitochondria inner
membrane.[24] We measured NAO fluorescence intensity in the retained and unretained
fractions to determine their relative mitochondrial contents. Conventional mitochondrial
enzymatic assays could not be used because the magnetic beads used for immunoisolation
interfered with these assays. Western blots, commonly used to assess subcellular
composition, were not suitable because (1) they are less quantitative than enzymatic assays
and (2) the antibodies used for immunopurification displayed bands that interfered with the
reliable identification of the subcellular targets (data not shown). This problem is
particularly critical when the same antibody (anti-PMP70 antibody) is used in both
immunoisolation and Western blots. [31]
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Table 1 shows the relative enrichment of peroxisome in various fractions. The ratios of
peroxisomal catalase activity to the activity of lysosomal marker enzyme, β-hexosaminidase,
increases ~ 60-fold in the retained fraction compared to the unretained one and PNF,
indicating a significant enrichment of the peroxisome in the immunoisolation procedure.
The mitochondrial marker, NAO is not detected in the enriched fraction indicating the
mitochondrial contamination is minimal. The catalase activity in unretained fraction
suggests that the bead-antibody conjugates are not sufficient to capture all peroxisomes in
the cell homogenate. This is not critical in our studies that focus on the immunoisolation of
peroxisomes and not on their recovery yield. Based on these results, the immunoisolated
peroxisomes have enough purity to study peroxisomal biotransformations.

3.2 Peroxisomal bioactivity
The major process for breaking down fatty acids is β-oxidation which can occur both in
peroxisomes and mitochondria.[32] One major difference is that in peroxisomes, β-oxidation
of (activated) fatty acids is accompanied by the formation of H2O2,[26] which is a marker of
peroxisomal bioactivity. In this study we monitored H2O2 formation upon addition of
palmitoyl-CoA (activated fatty acid) with the fluorogenic reagent, Amplex Red.[33] Amplex
Red is oxidized by H2O2 to its fluorescence product, resorufin in the presence of peroxidase.
The LOD of H2O2 in this study was (4.0 ± 0.8) ×10−9 M (n = 3). Without addition of
palmitoyl-CoA, retained peroxisomal fractions had low H2O2 production (0.35 ± 0.09 nM/
min, n = 3). With the addition of palmitoyl-CoA, H2O2 production in the retained
peroxisomal fraction increased seven-fold (2.4 ± 0.1 nM/min, n = 3). These results suggest
that the retained peroxisomal fraction maintains the β-oxidation activity, which is indicative
of biofunctional peroxisomes.

3.3 Peroxisomal biotransformations of the fatty acid analog B12FA
The most common biotransformation of fatty acids in peroxisomes is β-oxidation, which
shortens the alkyl chain by two carbons each cycle thereby forming a shorter CoA derivative
(c.f. Figure 2). In order to explore fatty acid biotransformations in the retained peroxisomal
fraction we selected B12FA as fatty acid model molecule. The fluorophore BODIPY in this
model molecule is lipophilic and partitions into the cell membrane easily.[34] Furthermore,
the fluorophore is on the C1 position of B12FA, away from the carboxylic acid group which
decreases possible perturbations on fatty acid processing.[35]

Because CE-LIF has been previously used to analyze fluorescent fatty acid derivatives,[36]
here we designed an MEKC-LIF separation to monitor peroxisomal biotransformations of
B12FA. The best separation buffer was BS30-γCD (30 mM borate, 30 mM SDS and 5 mM
γ-cyclodextrin, pH 9.3) that provided excellent resolution in the separation of four BODIPY
standards B3FA, B5FA, B11FA and B12FA (Figure S1 in the Electronic Supplementary
Material).

Incubation of the retained or the unretained fractions with B12FA, Coenzyme A, NAD,
FAD and ATP for 2 hours did not show formation of any free fatty acid analogs with shorter
alkyl chains (Figure 3, Traces b and c). Compared to the control (Figure 3, Trace a), two
changes were observed: one new peak (Peak 3) appeared and the B12FA peak (Peak 1)
intensity increased with incubation time (Table 2).

The fact that Peak 3 migrates more slowly than the B12FA peak in the MEKC separation
may imply that this peak corresponds to a more hydrophobic product, larger size, decreased
net charge, or a combination of these factors. This product could either be Coenzyme A fatty
acid esters with different alkyl chains lengths resulting from β-oxidation of B12FA or
triacylglycerol synthesis from B12FA. The second possibility is supported by previous
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observations that indicate large accumulation of triacylglycerol in L6 cells cultured in fatty
acid-supplemented growth medium.[37] We also observed peaks that migrate after the
B12FA peak when L6 myoblasts were cultured in medium containing B12FA (Figure S2 in
the Electronic Supplementary Material), supporting this possibility.

The increase in the area of Peak 1 (Table 2) suggests that B12FA is biotransformed into
other compounds that might have enhanced fluorescence resulting from variations in the
molecular environment where BODIPY is found.[38] Such co-migrating species may
include Coenzyme A fatty acid esters with different alkyl chains lengths resulting from β-
oxidation of B12FA or triacylglycerol synthesis from B12FA. Identifying conditions that
separate unknown co-migrating species is better accomplished if the species are indentified
first and then pure standards are used to test new separation conditions. Although it is
beyond the scope of this report, further identification of the products comigrating with the
B12FA peak or formed as Peak 3 would require the use of complementary techniques such
as HPLC-(LIF)-MS[39] that has been used to detect free fatty acids[40] and fatty acyl-
CoAs[41, 42] in cell and tissue extracts.

The relevance of the similarity of the changes observed in both the peroxisomal retained and
unretained fraction cannot be left unnoticed. The immunoisolation procedure described here
is effective at removing mitochondrial contaminants from the retained fraction, while
peroxisomal activity is detected along with mitochondrial and lysosomal activities in the
unretained fractions (c.f. Table 1). The changes in the electropherograms of the
biotransformations observed in the unretained fraction clearly exemplify current limitations
at investigating subcellular biotransformations when more than one type of organelles may
have similar biotransformation pathways. For instance, β-oxidation of fatty acids and fatty
acid analogs (e.g., 12-(1-pyrene)dodecanoic acid) occurs both at mitochondria and
peroxisomes.[43] In contrast, the MEKC-LIF analysis of the peroxisomal retained fraction
reported here provides peroxisomal specific biotransformations of B12FA.

3.4 Peroxisomal metabolism of DOX
H2O2 is the major byproduct of the oxidation of activated fatty acids in peroxisomes.[26]
This reaction was used to confirm that immunoisolated peroxisomes mixed with palmitoyl-
CoA produce H2O2 (c.f. Section 3.2). The oxidation of the anti-cancer drug DOX by H2O2-
activated peroxidases[12] or H2O2 alone[13] (see Figure S3 in the Electronic Supplementary
Material) suggests that DOX and other anthracyclines may be biotransformed in
peroxisomes.

In this study, the MEKC-LIF analysis of retained or unretained fractions incubated with
DOX, revealed new DOX-associated peaks (Figure 4). Even when the MEKC-LIF
electropherogram of the control shows a complex background, which is attributed to FAD,
NAD and other impurities in the mixture (Figure 4, Trace a), the corresponding
electropherograms for the DOX treated fractions show distinctive peaks (indicated by
arrows in Traces b and c of Figure 4). After correcting their migration times with the
equations 1 and 2 and calculating their electrophoretic mobilities with equation 3, peaks r1
and u1 in the retained peroxisomal and unretained fractions, respectively, have statistically
different electrophoretic mobilities (p = 3.3×10−4). None of these peaks overlap with the
peak b1 in the control. (p = 0.018 and 1.8×10−4 for r1 and u1, respectively). Similarly, peaks
r2 and u2 in the retained peroxisomal and unretained fractions, respectively, have statistically
different electrophoretic mobilities (p = 1.1×10−3).

The relatively small size of the DOX-associated in the electropherograms is expected. The
H2O2 levels in peroxisomes (c.f. Table 2) are much lower than the 1 mM H2O2 treatment of
DOX that lead to observation of more prominent peaks associated with DOX oxidation
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products (See Figure S3 in the Electronic Supplementary Material). Similarly, the small size
of the peaks associated with the DOX incubation of the unretained fraction is expected as a
result of the lack of external addition of cofactors (e.g. NADPH for cytochrome P450
reactions) that are needed to drive metabolic transformations of xenobiotics that occur at
other subcellular environments. Most importantly, the ability to separate functional
peroxisomes from other subcellular components and observe biotransformations of
xenobiotics such as DOX, opens up opportunities to explore metabolism in peroxisomes that
is largely unknown.

4. Conclusions
Immunoisolation of functional peroxisomes made possible to investigate in vitro
peroxisomal associated biotransformations of two xenobiotics: a BODIPY fatty acid analog
and doxorubicin. MEKC-LIF analysis of the biotransformation products revealed subtle
transformation of such xenobiotics, which is not biased by the presence of other subcellular
compartments. Use of a catalase inhibitor (e.g., NaN3) may increase the H2O2 steady state
levels in peroxisomes, which in turn would increase the yield of H2O2 dependent
biotransformations. Future studies may identify such products using techniques such as
HPLC-LIF-MS.[39] The reported developments may also enhance studies on peroxisome
deficient diseases at the metabolic level,[5] provide the tools to investigate metabolic
exchanges between peroxisomes and other subcellular regions,[44] and pave the way to
explore other subcellular specific biotransformations.
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Figure 1.
Structures of B12FA and DOX
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Figure 2.
First cycle of the β-oxidation of B12FA. B12FA is first activated to the acyl-CoA ester
(compound A). The acyl-CoA ester then undergoes β-oxidation that shortens the fatty acid
chain by two carbons (compound B).
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Figure 3.
In vitro biotransformation of B12FA in retained peroxisomal and unretained fractions. Trace
a: Control containing B12FA (5 μM), CoA (0.5 mM), FAD (0.5 mM), NAD (1 mM) and
ATP (5 mM). Trace b: Unretained fraction incubated with the reaction mixture used in Trace
a. Trace c: Retained peroxisomal fraction incubated with the reaction mixture used in Trace
a. Incubations were done for 2 h at 37 °C. Traces b and c were y-axis offset for clarity. The
MEKC separations were performed in a 43.3 cm fused silica capillary under a 400 V/cm
electric field in a buffer containing 30 mM borate, 30 mM SDS and 5 mM γ-cyclodextrin
(pH 9.3). Samples were injected at 10.8 kPa for 1 s. For LIF detection, fluorescence was
selected by a 520 ± 17.5 nm bandpass filter. Insert is the enlargement of the
electropherogram in 400 – 550 s range.
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Figure 4.
In vitro metabolism of DOX in retained peroxisomal and unretained fractions. The Trace a:
Control. Trace b: unretained fraction. Trace c: Peroxisomal retained fraction. New peaks
relative to the control are indicated by arrows. The reaction mixture contained DOX (10
μM) palmitoyl CoA (0.5 mM), FAD (0.5 mM) and NAD (1 mM). This mixture was
incubated with only buffer (control) or either one of the fractions for 2 h at 37 °C. The
MEKC separation was performed in a 43.5 cm fused silica capillary under a 400 V/cm
electric field in a buffer containing 10 mM borate and 10 mM SDS (pH 9.3). Other
conditions were same as that described in Figure 3, except for the 635±27.5 band pass filter
that was used here. The DOX peak (380 s) was off-scale and therefore not labeled. The two
peaks labeled with stars were used to correct migration times using Equation 1. Trace b and
c were y-axis offset for clarity.
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Table 1
Relative catalase activities

Results are the average ± standard deviation (n=3). The Catalase/β-hexosaminidase ratio is dimensionless. The
Catalase/NAO ratio is given as μmole H2O2/min•μmole NAO

Catalase/β-hexosaminidase Catalase/NAO

PNF 6.1 ± 0.6 (8 ±2)×102

Unretained 5.4 ± 0.2 (8±1)×102

Retained 383 ± 24 >2.6×104*

*
NAO in the retained fraction is below the LOD of the NAO assay which is 7.16×10−11 M of NAO. The calculation is based on the LOD of the

NAO assay.
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