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ABSTRACT Propionic acidemia is caused by a deficiency of the enzyme propionyl
coenzyme A carboxylase (PCC) located in the mitochondrial matrix. Cell-penetrating
peptides, including transactivator of transcription (TAT), offer a potential to deliver a
cargo into the mitochondrion. Here, we investigated the delivery of an �6�6 PCC en-
zyme into mitochondria using the HIV TAT peptide at several levels: into isolated
mitochondria, in patient fibroblast cells, and in a mouse model. Results from West-
ern blots and enzyme activity assays confirmed the import of TAT-PCC into mito-
chondria, as well as into patient fibroblasts, where the colocalization of imported
TAT-PCC and mitochondria was also confirmed by confocal fluorescence microscopy.
Furthermore, a single-dose intraperitoneal injection into PCC-deficient mice de-
creased the propionylcarnitine/acetylcarnitine (C3/C2) ratio toward the normal level.
These results show that a cell-penetrating peptide can deliver active multimeric en-
zyme into mitochondria in vitro, in situ, and in vivo and push the size limit of intra-
cellular delivery achieved so far. Our results are promising for other mitochondrion-
specific deficiencies.

KEYWORDS mitochondria, cell-penetrating peptide, enzyme replacement, organic
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Inherited metabolic disorders represent a therapeutic challenge and, in recent years,
there has been an increased search for new-era treatments for metabolic disorders,

such as enzyme replacement therapy (ERT) or gene therapy (1). Propionic acidemia (PA)
belongs to this category, since it is an autosomal recessive disorder in which a defective
form of the enzyme propionyl coenzyme A (propionyl-CoA) carboxylase (PCC) results in
the accumulation of propionic acid, propionyl-CoA, methylcitrate, propionylcarnitine,
and 3-hydroxypropionate in body fluids.

PCC catalyzes the conversion of propionyl-CoA to D-methylmalonyl-CoA in the
mitochondrial matrix (Fig. 1) (2). The PCC enzyme is an �6�6 heterododecamer of �780
kDa consisting of two types of subunits, � and �, encoded by two different nuclear
genes, designated PCCA and PCCB, respectively. The �-subunits form a central hexa-
meric core decorated on the outside by six noninteracting �-subunits. Biotin, bicar-
bonate, and ATP have binding sites on the �-subunit, whereas propionyl-CoA binds to
the �-subunit.

Previous studies of the human enzyme have indicated that the �-subunit is 72 kDa
in size, whereas �-subunit is 54 kDa (3). The crystal structure of bacterial propionyl-CoA
carboxylase dodecamer has been solved successfully providing the three-dimensional
structure of the enzyme (4).

Propionic acidemia (OMIM 606054) usually presents as a life-threatening metabolic
ketoacidosis in the neonatal period with protein intolerance, vomiting, failure to thrive,
and lethargy (2). Currently, there is no cure, and the treatment is based on dietary
management recommending low protein diet and limiting the intake of propiogenic
substrates. In addition, the use of supplements such as L-carnitine is recommended.
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Liver transplantation is being utilized with limited success (5). Thus, ERT would repre-
sent a major improvement in treatment of patients if the enzyme or its subunits could
be imported into the mitochondrial matrix.

ERT for mitochondrial enzymes requires transport of the cargo through the plasma
membrane, as well as through the outer and inner mitochondrial membranes. First,
delivery of protein is limited by its ability to penetrate the cell membrane. To overcome
this obstacle, the HIV transactivator of transcription (TAT) transduction domain is used
most frequently for various types of cargo, not only proteins. TAT was first reported in
1988 (6, 7). The minimal peptide sequence of TAT protein responsible for cellular
uptake is 47-YGRKKRRQRRR-57, which contains six arginine and two lysine residues and
therefore possesses a high net positive charge at the physiological pH.

Mitochondria are made up of a two-membrane system. While the mitochondrial
outer membrane is similar to the plasma membrane in terms of protein/lipid ratio (1:1),
there are no proteoglycans present on the surface of mitochondria, although the
phospholipid cardiolipin imparts a net negative charge to the membrane. The inner
mitochondrial membrane displays a higher protein/lipid ratio (3:1) compared to the
plasma and outer mitochondria membranes (8), meaning that the mechanism of import
into the mitochondrial matrix space circumvents the difference in membrane compo-
sition. Apart from proteins encoded by the mitochondrial genome, most of the mito-
chondrial proteins need to be delivered into this organelle following their translation
on cytoplasmic ribosomes. They are then transported with the help of leader se-
quences, translocases, and chaperones (9). The leader or the mitochondrial targeting
sequence (MTS) is recognized by a receptor in the translocase of the outer membrane.
Transport across the mitochondrial membranes requires the concerted action of a
number of translocation machineries of Tom complex (translocator outer membrane)

FIG 1 Metabolic impairment in propionic acidemia. (A) PCC catalyzes in the mitochondrial matrix the conversion of propionyl-CoA to
D-methylmalonyl-CoA, which enters the Krebs cycle via succinyl-CoA. The sources of propionate include methionine threonine,
isoleucine, valine, odd-chain fatty acids, and cholesterol. (B) Deficiency of PCC results in propionic acidemia (PA) with accumulation
of propionic acid, propionylcarnitine (C3), methylcitrate, propionylglycine, and 3-hydroxypropionate among other metabolites.
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and Tim complex (translocator inner membrane) (10). Soon after a protein arrives in the
mitochondrial matrix, a Zn-dependent protease removes its N-terminal MTS (11, 12).

TAT fusion proteins with or without MTS have been used numerous times for
protein delivery into mitochondria. The presence of TAT did not negatively affect the
biological activity of the cargo proteins (13). The TAT domain with or without the MTS
was used to deliver lipoamide dehydrogenase (LAD) to mitochondria in fibroblasts from
patients suffering from LAD deficiency. Furthermore, this transduced enzyme appeared
to be able to replace the defective enzyme in a large multisubunit complex to restore
enzymatic function to near-normal levels. LAD is the third catalytic subunit (E3) of
three-component enzyme complex in the mitochondrial matrix (14, 15). Another
successful application of the TAT-MTS-protein delivery approach into mitochondria was
the replacement of the C6ORF66 assembly factor to restore complex I activity in patient
cells (16) or a replacement of frataxin that increased life span and cardiac function in
a conditional Friedreich’s ataxia mouse model (17). The question how big a protein
could actually be imported has never been answered. For our enzyme of interest, PCC,
one report was published recently describing mitochondrial import of either single �-
or �-subunit using TAT (18). Encouraged by these reports, we tested the import of a
biologically active, fully assembled PCC dodecamer, posttranslationally chemically
conjugated with TAT.

RESULTS
Stability of PCC in mouse plasma. We were interested in determining what the

stability of human recombinant PCC is in mouse plasma at 37°C. As shown in Fig. 2, the
enzyme is relatively stable in plasma, with an approximately 40% decrease by 24 h and
�1/3 of its activity still intact by 72 h. This experiment showed that injecting PCC into
circulation will not result in its immediate degradation, thus enabling its transport via
the bloodstream to target tissues.

Conjugation of TAT peptides to individual PCC subunits. It was important to
determine whether the TAT peptide modifies cysteine(s) in the �- or �-subunit or in
both subunits. Toward that aim, we conjugated PCC with fluorescein isothiocyanate
(FITC)-labeled TAT peptide (Kerafast) to be able to follow the fluorescent label on a

FIG 2 Stability of PCC enzyme in A138T mouse plasma at 37°C. Stability of PCC was evaluated by
following the enzymatic activity over time for up to 72 h. PCC was diluted to a final concentration of 0.1
mg/ml in A138T mouse plasma, followed by incubation for the indicated times. The incubation was
terminated by mixing 18 �l of the reaction mixture with 2 �l of protease inhibitor cocktail (Sigma; catalog
no. 8340) on ice, and the PCC activity was determined. The results are an average of two measure-
ments � the standard errors of the mean (SEM).
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Western blot using a Typhoon imager (GE Healthcare). Figure 3 shows the results of this
conjugation. In Fig. 3 (left panel), we see detection of the PCCA subunits with anti-PCCA
antibody, which detects the unmodified PCCA subunit in PCC, as well as the TAT-
modified PCCA subunit in both TAT-PCCA and FITC-TAT-PCCA. In the middle panel, a
similar result was obtained using anti-PCCB antibody for the PCCB subunit. In Fig. 3
(right panel), we see the results obtained for the same preparations using the fluores-
cence detection in the Typhoon imager. The unmodified PCC and TAT-PCC are not
detected because they do not contain the fluorescent label, while both PCC subunits
are detected when the FITC-labeled TAT peptide was used. This experiment clearly
shows that each subunit was modified with the TAT peptide; however, the number of
targeted cysteines and their sequence positions were not determined.

Trypsin proteolysis of TAT-PCC conjugate. Since trypsin use was planned in all
import experiments to digest any nonimported TAT-PCC adsorbed to the outside of the
outer mitochondrial membrane to ensure that the mitochondrial lysate represented
only PCC that had been imported inside the organelle, the susceptibility of the enzyme
to digestion by trypsin was first assessed (Fig. 4). The digestion with trypsin at 1:20
(wt/wt) ratio was performed for 1, 2.5, 5, 30, and 60 min in HMS buffer used for
mitochondrial import. The time course of TAT-PCC proteolysis with trypsin in HMS
buffer was monitored by visualizing the products of trypsin digestion on SDS–10%
PAGE (Fig. 4A) gels, as well as by measuring the PCC activity (Fig. 4B). As a control,
trypsin inhibitor was included in a reaction mixture prior to trypsin addition, which
resulted in no TAT-PCC degradation and no loss of enzymatic activity, suggesting that
the inhibitor efficiently neutralized the protease. On the other hand, incubation of the
conjugate with trypsin over a 60-min period resulted in a quick enzyme degradation
correlated with a loss of PCC activity. More specifically, 12.8% of the PCC activity
remained after 5 min of incubation, and there was no activity or protein left after 30 min
of trypsin digestion. Thus, treatment of TAT-PCC with trypsin in a 1:20 (wt/wt) ratio for
5 to 30 min effectively degraded the enzyme, which allowed us to distinguish between
the imported and just surface-adsorbed TAT-PCC in subsequent experiments.

Import of TAT-PCC into isolated mitochondria. To get a better understanding
how the TAT-PCC delivery functions, we first examined the ability of the conjugate to
cross the mitochondrial membrane as a fully functional enzyme (Fig. 5). We incubated
1 �M TAT-PCC with isolated mitochondria from A138T mouse liver at 27°C for 30 min,
followed by trypsinization at a 1:20 (wt/wt) ratio for either 5 or 30 min at 37°C. Western
blotting confirmed the presence of the delivered enzyme (Fig. 5A). In WT mouse liver
mitochondrial lysate, we detected both subunits of the PCC enzyme. On the other
hand, the A138T mouse liver mitochondrial lysate did not contain any detectable
�-subunit. However, the import of 1 �M TAT-PCC for 30 min into PCC-deficient

FIG 3 Western blot of PCC conjugation with fluorescent TAT peptide. Purified PCC was conjugated with FITC-labeled TAT
peptide at a TAT/PCC molar ratio of 2:1 for 3 h. The unconjugated peptide was removed using a Bio-Spin 6 column
(Bio-Rad). The left and middle panels show Typhoon scanning with a red laser at 633 nm for PCC subunit detection with
PCC antibodies, followed by secondary antibody labeled with Alexa Fluor 647. The right panel shows direct imaging of
FITC-TAT-PCC with a green 532-nm laser for the FITC label.
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mitochondria resulted in clear accumulation, and detection of both �- and �-subunits
in samples without or with the trypsin treatment clearly indicated importation inside
the mitochondria and thus protection from the protease. The PCC activity assays
performed on the same samples further document that the presence of trypsin for
periods of 5 and 30 min did not degrade mitochondria or the PCC already present
inside (Fig. 5B). The activity of liver mitochondrial lysate from A138T mouse was
significantly lower at about 8% of WT liver activity. After TAT-PCC importation, the
detected PCC activity in the lysates reached the levels observed for WT controls. The
trypsin treatment did not substantially affect the activity, suggesting that most of
the TAT-PCC was imported and protected inside the mitochondria. Oxygen consump-
tion capability of mitochondria was monitored while performing the import and
trypsinization to make sure that mitochondria were intact and functional during the
study (Fig. 5C). Measurement of oxygen consumption in isolated mitochondria was
performed in a closed chamber for approximately 1 h. When the oxygen was used up,
the substrate was added. The chamber was then repeatedly opened and closed to see
spikes in respiration of the mitochondria.

FIG 4 Proteolysis of TAT-PCC. TAT-PCC was incubated with trypsin at a 1:20 (wt/wt) ratio for up to 60 min.
At the designated time points, the reaction was stopped by the addition of trypsin inhibitor and samples
were analyzed using SDS-PAGE (A) and PCC activity assay (B). Lane M, broad-range SDS-PAGE protein
standard (Bio-Rad); lane TAT-PCC, untreated conjugate; lane INH, TAT-PCC proteolyzed with trypsin for
30 min in the presence of a trypsin inhibitor. The samples that follow represent TAT-PCC trypsin
proteolysis reactions terminated by the addition of trypsin inhibitor at 1, 2.5, 5, 30, and 60 min.
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In the next step, we investigated the dose-dependent character of the import (Fig.
6). In addition to 1 �M TAT-PCC import into A138T mouse mitochondria, we added two
and five times more of the conjugate. As evidenced from Western blotting (Fig. 6A) and
the PCC activity plot (Fig. 6B) of the mitochondrial lysates after import, we observed a
linear, but not dose-proportional, increase in mitochondrion-imported PCC activity with
increasing amounts of TAT-PCC. Specifically, a 1 �M import of TAT-PCC resulted in a
7-fold increase compared to A138T mouse mitochondrial enzyme activity and, at the
same time, normalization to the levels of PCC activity measured for WT mitochondria.
Import of 2 and 5 �M TAT-PCC further increased PCC activity 13- and 20-fold, respec-
tively, compared to A138T mouse mitochondria. Thus, increased amounts of the
conjugate lead to increased importation of TAT-PCC into mitochondria.

Import of TAT-PCC into patient fibroblasts. After the successful studies with
isolated A138T liver mouse mitochondria, we examined the TAT-PCC import into

FIG 5 Resistance of mitochondria to trypsin and import of TAT-PCC into mitochondria. (A and B) Western
blotting (A) and PCC activity (B) analyses of WT and A138T mitochondrial lysates were performed without
or with the import of 1 �M TAT-PCC, respectively, with trypsin treatment for 0, 5, and 30 min. Both panels
A and B demonstrate protection of the mitochondrion-imported TAT-PCC from trypsin. (C) The respira-
tion of A138T mitochondria was monitored for 80 min under conditions identical to the import. The
arrows indicate additions of the substrate.
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cultured skin fibroblasts from PA patients deficient in either �- or �-subunit. The cells
were incubated with 1, 5, or 10 �M TAT-PCC for 1 h, and the PCC activity was then
determined in the fibroblast lysates (Fig. 7). Both patient fibroblast extracts had initially
�3% of the WT control fibroblast activity. The increased amount of TAT-PCC resulted

FIG 6 Dose-dependent import of TAT-PCC into A138T mitochondria. After import for 30 min, the
mitochondria were treated with trypsin for 30 min, centrifuged, and lysed with lysis buffer. Western
blotting (A) and PCC activity (B) analyses of WT and A138T mitochondrial lysates were performed without
import as negative and positive controls, respectively, and after the import of 1, 2, and 5 �M TAT-PCC,
followed by a 30-min trypsin treatment. Please note that in panel A an empty lane between the A138T
lanes without and with 1 �M TAT-PCC import was cut out from the image.

FIG 7 Import of TAT-PCC into PCC-deficient fibroblasts. Both PCCA- and PCCB-deficient cultured patient
fibroblasts were incubated with 1, 5, or 10 �M TAT-PCC for 1 h. The resulting PCC activity in lysates was
compared to the PCC activity of a WT fibroblast lysate. Note that the first PCCA- and PCCB-deficient lanes
in each case are negative controls with no import.
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in an increased import and thus recovered PCC activity in the fibroblast lysates. The
activity at the highest 10 �M TAT-PCC concentration exceeded the WT control activity
by 11- and 9-fold for the �- and �-deficient cells, respectively.

Localization of PCC in mitochondria by confocal microscopy. To confirm the
presence of the imported TAT-PCC inside mitochondria, we performed immunostaining
and confocal microscopy of PCCA-deficient patient fibroblast cells after the import of 1
�M TAT-PCC (Fig. 8). Detection of PCC in cells after import resulted in pan-cellular
staining consistent with a cellular delivery of TAT-PCC (Fig. 8, top). More importantly,
substantial overlap with the mitochondrion-specific MitoTracker stain suggested suc-
cessful import of TAT-PCC inside the mitochondria. As a control, the same cells without
import of TAT-PCC showed no presence of PCC (Fig. 8, bottom). Taking these results
together with the results shown in Fig. 7, we were able to successfully import an active
PCC dodecamer conjugated with TAT peptide inside mitochondria of PA patient
fibroblasts.

Single-dose i.p. TAT-PCC injection to PCC-deficient mice. After successful TAT-
PCC import into PCC-deficient mouse mitochondria and cultured human PA fibroblasts,
we studied the ability of TAT-PCC to correct the plasma metabolic imbalance in A138T
mice after a single intraperitoneal (i.p.) administration. Figure 9 shows that 4 h after the
injection, the C3/C2 ratio decreased significantly compared to phosphate-buffered
saline (PBS)-injected positive controls with a maximal effect reached at 9 h postinjec-
tion. However, the C3/C2 ratio remained 13-fold higher versus negative controls at the
9-h time point, which was a marked improvement compared to the 40-fold elevation
prior to the TAT-PCC injection. Within 24 h postinjection, the C3/C2 ratios of TAT-PCC-
and PBS-injected A138T mice were similar and returned to the pretreatment levels.

[14C]propionate fixation in TAT-PCC-treated mice. To obtain further support for
a positive impact of the treatment with TAT-PCC, we carried out incorporation of
[1-14C]propionate into cellular macromolecules in PCCA deficient fibroblasts as de-
scribed previously (19–21). As can be seen in Fig. 10, the PCCA-deficient fibroblast cells
incorporated only 12% of the WT control. Pretreatment of the cells with TAT-PCC prior
to the addition of the [14C]propionate yielded 25% of WT incorporation, a marked
improvement but not yet a complete normalization. Nevertheless, the experiment

FIG 8 Mitochondrial colocalization of imported TAT-PCC in PCC-deficient fibroblasts. Import of 1 �M TAT-PCC into
PCCA-deficient fibroblasts for 1 h at 37°C (top) was compared to that for identical cells with no import (bottom).
The live cells were stained with MitoTracker CMXRos (mito). After the cell fixation, staining was performed with
anti-PCCA antibody and then with green fluorescent secondary antibody (PCC); DAPI blue fluorescent dye was used
to stain the nuclei (nuclei). The “overlay” images illustrate the superimposition of the three preceding images.
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provided evidence that the imported PCC reached the inner mitochondrial space, since
the PCC-MUT-Krebs cycle is complete only in mitochondria.

DISCUSSION

The TAT protein from human immunodeficiency virus type 1 is a potent viral
transactivator that is essential for viral replication. From its discovery, it has been
frequently studied for its unique ability to penetrate cell membranes. The TAT dode-
capeptide, also used in this study, facilitates cellular uptake of different types of cargo
and thus it has been classified into the category of cell penetration peptides. The exact
mechanism how TAT-protein complex enters the cells or mitochondria is not fully
understood (22, 23). Previous reports have studied the TAT-mediated protein transduc-
tion across the plasma membrane of cells, and they have strongly implicated endocy-

FIG 9 Effect of a single TAT-PCC injection on the plasma C3/C2 ratio in A138T mice. Plasma C3/C2 ratios
were monitored over 24 h after a single i.p. injection of 20 mg/kg TAT-PCC (n � 4 to 8) or PBS (n � 4)
in PCC-deficient A138T mice. WT mice injected with PBS served as negative controls (n � 4).

FIG 10 Incorporation of [14C]propionate into WT and PCCA-deficient fibroblasts with or without TAT-PCC
import. Fibroblasts were grown to 80% confluence in a six-well plate. Import of 5 �M TAT-PCC or
incubation with PBS was performed for 1 h in 37°C as described in Fig. 7. Subsequently, fibroblasts were
incubated for 18 h in MEM supplemented with 15% fetal bovine serum (Fetal Clone III) and 100 �M
[1-14C]propionate (MD Biochemical), diluted with unlabeled sodium propionate to give a final specific
activity of 10 �Ci/�mol. The radioactivity incorporated in the precipitate was determined by liquid
scintillation counting.
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tosis as the mechanism for TAT transduction (24). It was shown, however, in earlier
studies that TAT will transduce a protein cargo into mitochondria which are not known
to employ any endocytic mechanism (15, 25). Previously, it was suggested that the
conjugate of TAT with protein lacking MTS would cross the mitochondrial membrane
(13); however, it may not be retained inside mitochondria, but no supportive data were
available to confirm such a hypothesis.

To better understand the mechanisms that allows TAT-mediated protein to trans-
duce into mitochondria, one study tested the hypothesis that TAT transduction could
be blocked using endocytosis inhibitors. In contrast to TAT transduction across the cell
membrane, they found that TAT transduction into mitochondria was not inhibited by
compounds known to block endocytosis, thus confirming the TAT-mediated transduc-
tion and suggesting an alternative endocytosis-independent mechanism. Surprisingly,
compounds known to inhibit endocytosis via blocking the function of sodium channels,
such as amiloride, markedly increased TAT transduction into mitochondria, thus Raya-
pureddi et al. (25) suggested that sodium channels play a major role in mediating TAT
protein transport into mitochondria. It was also confirmed that TAT transduction into
the mitochondrial matrix occurs via an energy-independent pathway (25). Bacteria,
which mitochondria are often compared to, do not perform endocytosis. However, one
report showed that a peptidoglycan-less bacterium has indeed a mechanism similar to
endocytosis (26).

TAT-mediated import of a whole protein across plasma membrane into mitochon-
dria has been reported multiple times (14). There were attempts to carry out the import
with or without the MTS. TAT fusion with malate-dehydrogenase both with and without
MTS was shown to traverse mitochondrial membranes; however, it did not remain there
if MTS was not used because TAT could not be removed using the MTS cleavage site.
Furthermore, this TAT fusion protein was able to cross the placenta, where it was
detectable in both fetal and newborn mouse pups (13). The lipoamide dehydrogenase
(LAD; also known as E3) subunit was fused with TAT peptide and could rapidly cross the
membranes and be delivered into isolated mitochondria. Both TAT-LAD and TAT-MTS-
LAD tested positive, although the import without MTS was described as slightly less
efficient. The import of TAT-MTS-LAD into patient cells restored LAD activity to normal
values (15). Also, TAT-MTS-LAD was successfully delivered into tissues of LAD-deficient
mice (27). A successful delivery of TAT-MTS-coupled mitochondrial enzyme into patient
cells was also reported for the NAD dehydrogenase complex I assembly factor
(NDUFAF4). Mitochondrial complex I deficiency is a disorder caused by mutations in
NDUFAF4. A recombinant protein containing the TAT-MTS-NDUFAF4 WT was efficiently
taken up by patient-derived NDUFAF4-deficient cells, resulting in a significant increase
in complex I activity and improved mitochondrial function (16). Another inherited
mitochondrial disorder with no available treatment is Friedrich’s ataxia. Recently, Vyas
et al. reported efforts to develop a TAT-MTS-frataxin enzyme replacement therapy with
encouraging results in disease model mice (17).

PA is a devastating disease with only dietary management treatment. ERT for PA or
for any mitochondrial disease would constitute an amazing achievement. The use of
ERT has been studied in various metabolic enzyme deficiencies, such as Gaucher’s,
Hurler’s, Fabry’s, Pompe’s, homocystinuria, PKU, glycogen storage disease type II, and
mucopolysaccharidosis I and VI, and in Maroteaux-Lamy syndrome to reverse the
pathogenesis of the chief clinical manifestations of these diseases (28–38). Although
ERT for mitochondrial disorders is significantly more challenging due to the need for
delivery inside an organelle, its application to replace a particular activity of an enzyme
is becoming a potentially attractive therapeutic approach in the treatment of enzyme
deficiency disorders.

A recent study on an ERT for PA reported on the importation of individual �- and
�-subunits with or without MTS (18). These researchers had uncertain success import-
ing of TAT-MTS-PCCA and PCCB-MTS-TAT into PA patient lymphoblasts. Western blot-
ting and a PCC activity assay were used to prove the presence of each imported subunit
in the deficient lymphoblasts, although the amounts detected by Western blotting did
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not correlate with the activity measurements. Moreover, confocal microscopy showed
that the imported constructs into HeLa cells accumulated mostly on the outer edge of
the cells and formed clumps, likely due to protein precipitation mentioned by the
authors as the major problem during preparation of the constructs. We, too, prepared
similar constructs for the expression and import of individual PCC subunits with or
without MTS, TAT, and a 6�His purification tag. However, these constructs were mostly
completely insoluble, and all attempts to solubilize, further purify, and refold them to
make them compatible with the biological systems have failed. Coexpression of �- and
�-subunits N-terminally tagged with TAT-MTS sequence also yielded insoluble and
inactive protein (data not shown). The only successful approach to obtain soluble
TAT-PCC conjugate is described here and included the expression of the native PCC
dodecamer in the presence of GroES/EL, the purification of the enzyme to homogeneity
(39), and subsequent chemical conjugation with the TAT polypeptide.

To unequivocally demonstrate the cellular import and mitochondrial localization of
our TAT-PCC, we first established conditions for quantitative proteolytic removal of all
the remaining, nonimported TAT-PCC. We identified such conditions and used them
with mitochondria (Fig. 4 and 5). For import of TAT-PCC into fibroblasts, we have
employed the standard trypsin treatment (0.25% [2.5 mg/ml] trypsin in PBS for 5 min)
to detach the cells from the flask. This protease concentration was 400-fold greater than
the one shown to completely degrade PCC (Fig. 4). In addition, we demonstrated that
mitochondria are resistant to such treatment and thus protect any protein located
inside, including imported TAT-PCC (Fig. 5). We also showed that the import of the
TAT-PCC conjugate into mitochondria, as well as patient fibroblasts, was dose depen-
dent, although not proportional (Fig. 6 and 7). Confocal microscopy showed colocal-
ization of imported TAT-PCC with mitochondria, thus confirming that TAT-PCC was
delivered inside the mitochondria of intact patient fibroblasts (Fig. 8). A remarkable
aspect of our reported protein import that should be emphasized is the size of the
cargo. The native PCC dodecamer of �780 kDa was imported into both the isolated
PCC-deficient mouse liver mitochondria and the patient fibroblasts. It has been re-
ported that the native PCC has dimensions of 155 Å by 155 Å by 170 Å (4). Until now,
the largest reported size of cargo successfully delivered into cells with the help of TAT
was TAT-MTS-LAD (58.1 kDa) (15). The A138T mouse model of PA accumulates propio-
nylcarnitine in plasma; hence, it has a substantially elevated the C3/C2 ratio (Fig. 9). The
single i.p. injection of TAT-PCC to A138T mice substantially decreased, although it did
not normalize the ratio. This encouraging result will be investigated in depth in future
experiments. It should be noted, however, that the import of TAT-PCC is an inefficient
process at this time since less than 1% of the input TAT-PCC is found in the mitochon-
dria. More efficient mitochondria targeting peptides will be used in future experiments,
followed by removal of the peptide to prevent export back to cytoplasm.

Finally, incorporation of [14C]propionate into cellular macromolecules in WT and
PCCA-deficient fibroblasts after treatment of the cells with TAT-PCC (Fig. 10) lent further
support to the notion that import of TAT-PCC partially restores the pathway between
the PCC and the Krebs cycle in the mitochondrion.

In conclusion, our experiments demonstrated that it is possible to import a very
large cargo into mitochondria. This approach may offer a new avenue for treating
mitochondrial enzyme deficiencies by ERT.

MATERIALS AND METHODS
Preparation of recombinant human TAT-PCC enzyme from Escherichia coli. The expression and

purification of recombinant human PCC from E. coli was carried out essentially as described previously
(39, 43). Briefly, E. coli SE1(DE3) cells carrying ampicillin-resistant PCC expression vector pETDS1-PCCAB
and chloramphenicol-resistant GroEL/ES expression plasmid pGro7 (TaKaRa Bio, Inc., Kusatsu, Japan)
were grown in Luria-Bertani (LB) medium supplemented with 30 �M D-biotin. Expression of GroEL/ES
molecular chaperone was induced by adding 2 mg/ml L-arabinose when cells reached an optical
density at 600 nm of 0.7 to 0.8. About 20 min later, 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside)
was added to induce the expression of PCC, followed by additional 16 h at 37°C. Harvested cells were
resuspended in 10 mM potassium phosphate buffer (pH 7.0) containing 1 mM dithiothreitol (DTT) and
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and homogenized using an LM-10 or M-110P
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microfluidizer (Microfluidics Corp., Westwood, MA). Centrifugation-clarified lysate was purified in two
chromatographic steps using Fractogel DEAE resin (Merck Millipore, Billerica, MA) for a capture column,
followed by affinity purification using monomeric avidin-agarose (Thermo Fisher Scientific, Waltham,
MA). The eluate from the avidin column was desalted on Sephadex G-25 resin (GE Healthcare, Chicago,
IL), formulated into 20 mM HEPES (pH 7.4)–100 mM KCl, divided into aliquots, and stored at �80°C. The
purification yield of �99% pure PCC from 6 liters of culture was usually between 30 and 100 mg.

Conjugation of purified PCC with TAT peptide. A maleolyl-�-Ala-TAT peptide (Kerafast) targeting
accessible cysteine residues was used for conjugation with PCC to prepare TAT-PCC. The reactions were
performed overnight in 20 mM HEPES (pH 7.0)–500 mM KCl at a molar ratio for TAT to PCC of 2:1. The
unconjugated peptide was removed using Bio-Spin 6 column (Bio-Rad) and formulated into HMS buffer
or PBS for import into various systems. Conjugation reaction samples larger than 0.5 ml were processed
through a column using Sephadex G-25 resin (GE Healthcare, Chicago, IL). The TAT-PCC conjugate was
stable during the freeze-thaw process.

Animals. All animal procedures were approved under the animal protocol B-49417(05)1E by the
University of Colorado Denver IACUC, which is an AAALAC-accredited (accreditation 00235), Public
Health Service-assured (A3269-01), and USDA-licensed (84-R-0059) institution. We used a hypomorphic
mouse model of PA expressing the human PCCA A138T pathogenic mutant on a mouse PCCA-null
background (the A138T mouse model) (40, 41). The mice were bred, maintained, and genotyped as
described elsewhere (40). Liver PCC activity in A138T mouse was 2.2% of the WT PCC activity. The A138T
human cDNA produces 9.4% of the PCC activity in transfected fibroblasts (42). Further, A138T mice have
elevated levels of propionylcarnitine, methylcitrate, glycine, alanine, lysine, ammonia, and markers
associated with cardiomyopathy, which is similar to levels of these compounds in PA patients.

TAT-PCC in PBS was administered to approximately 12-week-old A138T mice via a single i.p. injection
targeting a dose of 20 mg/kg. Two cohorts (A and B) of A138T mice (n � 4 each) were used to minimize
the blood volume taken from any single mouse, as specified in IACUC protocol. Blood was collected from
group A at 0, 2, 4, 8, and 24 h postinjection and from group B at 0, 3, 6, 9 and 24 h postinjection.
Age-matched A138T mice injected with PBS (n � 4) served as positive controls, which were bled for a
sample at 0, 2, 4, 8, and 24 h postinjection. In addition, age-matched WT controls injected with PBS (n � 4)
served as negative controls, from which blood samples were collected at 0, 3, 6, and 24 h postinjection.
A single-use lancet for submandibular bleeding was used for blood collection into Capiject T-MLHG
lithium heparin (12.5 IU) tubes with gel (Terumo). Tubes were then centrifuged at 1,200 � g for 10 min,
followed by collection of plasma into 1.5-ml tubes and storage at �80°C.

Plasma acylcarnitine profile. Plasma concentrations of acylcarnitines were determined by gas
chromatography-mass spectrometry (Biochemical Genetics Laboratory of Children’s Hospital Colorado).
The ratio of propionylcarnitine to acetylcarnitine (C3/C2) was subsequently calculated.

Cell culture. Skin fibroblast cultured cells used for experiments were derived from two patients
bearing mutations in either the PCCA or the PCCB gene, as well as from a WT healthy control. The cells
were grown in a humidified atmosphere with 5% CO2 at 37°C and maintained in minimum essential
medium supplemented with 15% of Fetal Clone III serum, 100 �M minimal essential medium (MEM),
nonessential amino acids, 100 �g/ml penicillin, and 100 �g/ml streptomycin (all from HyClone).

Isolation of mitochondria. Briefly, freshly dissected livers from WT or A138T mice were minced finely
before using a motor-driven Teflon and glass Potter-Elvehjem homogenizer (six to nine strokes at 1,000
rpm) in HMS	 buffer (220 mM D-mannitol, 70 mM sucrose, 2 mM HEPES [pH 7.4], and 0.5 mg/ml bovine
serum albumin [BSA]). The first centrifugation of a 15% homogenate in HMS	 buffer was performed for
1 min at 3,000 � g and 4°C using a Beckman Avanti J-25 centrifuge to remove nuclei and cell debris. The
supernatant was centrifuged again for 2 min at 18,750 � g and 4°C in order to pellet the mitochondria.
The resulting pellet was resuspended in HMS	 buffer and 0.035% digitonin. After 5 min of centrifugation
at 18,900 � g, the mitochondria were washed three times in HMS buffer (i.e., HMS	 buffer without BSA)
prior to the import studies.

Import of TAT-PCC into isolated mitochondria. The import of TAT-PCC at the desired concentra-
tion was performed at 27°C for 30 min. Trypsin was used at a protease/protein ratio of 1:20 (wt/wt) for
5 or 30 min, and the reaction was stopped with soybean trypsin inhibitor at a ratio of 1:1 (wt/wt) with
trypsin. The mitochondria were washed in HMS buffer three times, each time centrifuged for 10 min at
18,900 � g at 4°C.

Mitochondrial and cell lysates. Mitochondrial or fibroblast pellets were resuspended in fresh lysis
buffer (50 mM Tris-HCl [pH 8.0], 1 mM DTT, 1 mM EDTA [pH 8.0], protease inhibitors [Sigma, catalog no.
P8340; diluted 1:80]) in a volume three times the size of the pellet. Homogenized mitochondria or
fibroblasts were sonicated, and the resulting lysate was clarified by centrifugation (20,000 � g, 4°C, 15
min). The protein concentration was determined by a Bradford assay (Thermo-Fisher).

Mitochondrial respiration. The mitochondrial pellet was resuspended in 2.5 ml of the mitochondrial
respiration medium MiR05, and oxygen consumption was measured using an Oxygraph-2k (Oroboros
Instruments) in 0.5 mM EGTA, 3 mM MgCl2·6H2O, 60 mM potassium lactobionate, 20 mM taurine, 10 mM
KH2PO4, 20 mM HEPES, 110 mM sucrose, and 1 g/liter fatty acid-free BSA.

PCC activity assay. PCC activity was assayed as described previously with some modifications (3).
The reaction mixture contained 50 mM Tris-HCl (pH 8.0), 2 mM ATP, 125 mM KCl, 10 mM MgCl2, 3 mM
propionyl-CoA, 0.5 mg/ml BSA, PCC enzyme (0.1 �g of purified PCC or 150 �g of mitochondrial or cell
lysate), and 10 mM [14C]bicarbonate (specific activity 2 �Ci/�mol) in a final volume of 50 �l, followed by
incubation at 37°C for 2 min. The reaction was terminated by adding 50 �l of 10% trichloroacetic acid.
The mixture was centrifuged at 13,000 � g for 5 min, and 50 �l of the supernatant was dried in a
scintillation vial in a heating block at 80°C for 50 min. The dry residue was dissolved in 0.15 ml of H2O,
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and 4 ml of OPTI-Fluor scintillation fluid (Perkin-Elmer Life Sciences) was added. The samples were
counted in a Beckman LS-3801 scintillation counter. A blank containing the assay mixture without
propionyl-CoA was subtracted. One unit of PCC activity is defined as 1 pmol of product per min at 37°C
per mg of protein.

Propionate incorporation assay. The activity of PCC was assessed indirectly by measuring the
incorporation of label from [1-14C]propionate into cellular macromolecules (19, 20). Control and patients
fibroblasts were grown on six-well plate (Corning). The import of 5 �M TAT-PCC or incubation with PBS
was performed at 80% confluence for 1 h at 37°C. Subsequently, the fibroblasts were incubated for 18
h in MEM supplemented with 15% fetal bovine serum (Fetal Clone III) and 100 �M [1-14C]propionate (MD
Biochemical), diluted with unlabeled propionate to give a final specific activity of 10 �Ci/�mol. At the
end of the incubation, the cells were harvested with trypsin, and the cellular macromolecules were
precipitated with cold 5% trichloroacetic acid. The precipitated material was dissolved in 0.15 ml of 0.2
N sodium hydroxide, and radioactivity in the precipitate was determined by liquid scintillation counting.

Western blotting. Proteins (50 �g of mitochondrial or cell lysate, 100 ng of purified PCC) were
resolved on a SDS–10% PAGE and transferred onto an Immun-Blot polyvinylidene difluoride membrane
(Bio-Rad). Western blot analysis was performed with anti-PCCA and anti-PCCB antibodies (both from
Abcam) at a 1:1,000 dilution, followed by secondary horseradish peroxidase-conjugated antibody, and
proteins were visualized by using chemiluminescent substrate (Super Signal West Pico; Thermo-Fisher).

Import of TAT-PCC into cells. Fibroblast cells were grown in 150-cm2 flasks. When the cells reached
90% confluence, the medium was removed, followed by a PBS rinse, and replaced with 1 to 10 �M
TAT-PCC in PBS. After 1 h incubation at 37°C, the cells were washed with PBS, trypsinized, pelleted, and
kept at �80°C until use.

Confocal microscopy. Fibroblast cells were grown in a complete MEM on eight-chamber tissue
culture slides (Falcon) to 70% confluence, followed by incubation with 1 �M TAT-PCC for 1.5 h. The cells
were then washed with PBS before staining. MitoTracker Red CMXRos was used to stain mitochondria in
live cells. Cells were then fixed with 4% formaldehyde for 10 min and permeabilized by methanol. For
specific staining, we used anti-PCCA and anti-PCCB primary antibodies with anti-mouse IgG Atto
488-conjugated secondary antibody (Sigma). DAPI staining was used to visualize nuclei. Samples were
analyzed using a high-resolution Olympus FV1000 microscope with Software Fluoview for image
acquisition.
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