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The mitochondrial enzyme, dihydrolipoamide dehydrogenase
(DLD), is essential for energy metabolism across eukaryotes. Here,
conditions known to destabilize the DLD homodimer enabled the
mouse, pig, or human enzyme to function as a protease. A catalytic
dyad (S456-E431) buried at the homodimer interface was identi-
fied. Serine protease inhibitors and an S456A or an E431A point
mutation abolished the proteolytic activity, whereas other point
mutations at the homodimer interface domain enhanced the pro-
teolytic activity, causing partial or complete loss of DLD activity. In
humans, mutations in the DLD homodimer interface have been
linked to an atypical form of DLD deficiency. These findings reveal
a previously unrecognized mechanism by which certain DLD mu-
tations can simultaneously induce the loss of a primary metabolic
activity and the gain of a moonlighting proteolytic activity. The
latter could contribute to the metabolic derangement associated
with DLD deficiency and represent a target for therapies of this
condition.

moonlighting enzymes | protease | mitochondria | frataxin |
Friedreich ataxia

ihydrolipoamide dehydrogenase (DLD) is a flavin-

dependent oxidoreductase required for the complete reac-
tion of at least five different multienzyme complexes. In the
mitochondrial matrix, the DLD homodimer functions as the E3
component of the pyruvate, a-ketoglutarate, and branched-
chain amino acid-dehydrogenase complexes and the glycine
cleavage system. In the context of these four multienzyme
complexes, DLD utilizes dihydrolipoic acid and NAD™ to gen-
erate lipoic acid and NADH (1). The opposite reaction, from
lipoic acid and NADH to dihydrolipoic acid and NAD™, is
catalyzed by the DLD homodimer in the context of the NAD -
dependent peroxidase—peroxinitrate reductase of Mycobacte-
rium tuberculosis (2). In addition, DLD has diaphorase activity,
being able to catalyze the oxidation of NADH to NAD™* by using
different electron acceptors such as O, labile ferric iron (3),
nitric oxide (4), and ubiquinone (5, 6). In this capacity, DLD is
believed to primarily have a prooxidant role, achieved by reduc-
ing O, to a superoxide radical or ferric to ferrous iron, which in
turn catalyzes production of hydroxyl radical through Fenton
chemistry (3). However, the ability to scavenge nitric oxide and
to reduce ubiquinone to ubiquinol suggests that the diaphorase
activity of DLD may also have an antioxidant role (4-6). The
oligomeric state of DLD can change from dimeric to monomeric
or tetrameric depending on the pH in the mitochondrial matrix,
and changes in the oligomeric state of the protein have been
shown to correlate with a shift from DDL activity (only present
in dimeric and tetrameric DLD) to diaphorase activity (present
in both oligomeric and monomeric forms of the protein) (7, 8).
Thus, DLD represents a highly versatile oxidoreductase with
multiple critical roles in energy metabolism and redox balance
(2,7, 9-12).

Here, we found that DLD can also function as a moonlighting
protease. Moonlighting enzymes are a growing category of
molecules that can accomplish multiple functions through a
variety of mechanisms including, among others, localization to
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different cellular compartments, binding of different cofactors,
and changes in oligomerization state (13). Mutations in moon-
lighting enzymes are predicted to contribute to the phenotypic
variability of metabolic disorders (14). In humans, mutations in
DLD are linked to a severe disorder of infancy with failure to
thrive, hypotonia, and metabolic acidosis, which result from
deficient activity of all three a-ketoacid dehydrogenases (15-19).
However, the clinical manifestations of DLD deficiency show a
great degree of variability (16, 20-23), which has been attributed
to varying effects of different DLD mutations on the stability of
the protein (20) as well as its ability to dimerize (23, 24) or
interact with other components of the three a-ketoacid dehy-
drogenase complexes (25). Our results suggest a previously
unrecognized mechanism by which mutations that alter the
stability of the DLD homodimer may not only result in a
decrease in the primary metabolic activity of the enzyme but at
the same time cause an increase in its moonlighting proteolytic
activity. This mechanism is relevant to a complete understanding
of the function of DLD and represents a previously unrecog-
nized paradigm for how moonlighting enzymes may influence
the complexity of metabolic disorders.

Results

Identification of the Proteolytic Activity of Mouse Liver DLD. The
mitochondrial iron chaperone frataxin (26) was used as a
substrate to identify proteolytic activities potentially involved in
the regulation of mitochondrial iron metabolism. A proteolytic
activity that processed the ~17-kDa mature form of human
frataxin (m-fxn) to a product of ~14 kDa (d-fxn) had been
observed in rat liver mitochondria in ref. 27. Here, we detected
a similar proteolytic activity in mouse liver mitochondria and
isolated it by a three-step chromatographic procedure [support-
ing information (SI) Table 1]. A fraction with a ~32,000-fold
increase in specific activity was obtained (Mono S fraction; SI
Table 1). This fraction catalyzed sequential cleavage of m-fxn to
at least four progressively shorter products (denoted d-fxn a, b,
¢, and d), the smallest of which exhibited an apparent molecular
mass of ~14 kDa (Fig. 14). N-terminal sequencing of the three
most abundant products (d-fxn b, c, and d) showed that the
proteolytic activity overall removed 21 aa from the N terminus
of m-fxn (Fig. 1B), with a cleavage specificity partially resembling
that of chymotrypsin (C-terminal to F, Y, W, M, or L) (28). An
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Fig. 1. Identification of mouse DLD as m-fxn degrading activity. (A) Time course of cleavage of m-fxn (1.5 ug per lane) in the presence (+) or absence (—) of
1.5 pg (total protein) of mouse liver Mono S fraction. Each reaction was incubated at 37°C in 10 mM Tris-HCI, pH 8.0, for the indicated time and analyzed by
SDS/12% PAGE and SYPRO orange staining. (B) Cleavage sites in m-fxn substrate were determined by subjecting the d-fxn b, ¢, and d products to N-terminal
sequencing. (C) Mouse Mono S fraction (3 ug of total protein) analyzed by SDS/12% PAGE and silver staining. (D) All visible protein bands (numbered 1 to 15)
were excised from the gel in C, and each gel slice was extracted in 20 pl of 10 mM Tris-HCl, pH 8.0, and 1% Triton X-100 and assayed for proteolytic activity for
24 h. Activity was expressed as percent of the total activity recovered in band 6, which was identified as mouse DLD by MS. The DLD protein was also detected
by MSin bands 2 and 3 (see Results). Results presented below suggest that a proteolytically active ~14 kDa fragment of DLD was present in band 14. (E) An aliquot
(=~25 ug of total protein) of mouse Mono S fraction was loaded on a Superdex 200 column (10 mm X 30 cm). Aliquots of fractions 1-11, comprising the void volume
and the entire molecular mass range of the column (10-600 kDa), were analyzed for m-fxn-degrading activity asin Fig. 1 A. S, reaction containing m-fxn substrate
only. (F) Because of the limited amount of starting material, DLD or other proteins could not be detected by SDS/PAGE in aliquots from the Superdex 200 fractions
described above. Therefore, active fractions 7 and 8 were pooled and concentrated, and total protein was precipitated with 10% trichloroacetic acid and analyzed
by SDS/PAGE and silver staining. The arrow points at the ~50-kDa DLD band, as determined in Fig. 1C. (G) A commercial preparation of pig heart DLD (L2002;
Sigma, St. Louis, MO) was purified through Mono S, hydroxyapatite, and Superdex 200 chromatography, as described in SI Fig. 7 C-E. The purest fraction obtained
(fraction 7 + 8 in Sl Fig. 7E) was preincubated for 1 h with (+) or without (—) 1 mM DFP, an irreversible serine protease inhibitor, in 10 mM Hepes-KOH, pH 6.8,

100 mM NaCl, and 0.1% Triton X-100 [proteolytic reaction buffer (PRB)] at 37°C; m-fxn substrate was added, and activity was assayed for 2 h.

aliquot of the Mono S fraction was digested in solution with
trypsin and analyzed by nano-liquid chromatography/tandem
MS (nanoLC-MS/MS) at the Mayo Proteomics Research Center
(Mayo Clinic, Rochester, MN). This method can detect both
high- and low-abundance proteins in a complex mixture with
sensitivity in the low femtomole range (29). Mascot (Matrix
Sciences, London, U.K.) (30) was used to match the MS/MS
spectra against the proteins in the Swissprot database. Several
mostly mitochondrial proteins, but no known proteases, were
present in the Mono S fraction (data not shown). As analyzed by
SDS/PAGE and silver staining, the Mono S fraction contained
a predominant protein band of ~50 kDa, which was not present
in inactive fractions, and several additional protein bands (Fig.
1C and SI Fig. 5 4 and B). All visible proteins were eluted from
the gel by passive diffusion (31) (Fig. 1C, bands 1-15) and tested
for proteolytic activity with m-fxn (Fig. 1D). The proteolytic
activity was primarily associated with the ~50-kDa band (Fig. 1
C and D, band 6), although lower levels of activity were found
in two gel slices >97 kDa and one at ~14 kDa (Fig. 1 C and D,
bands 2, 3, and 14). In-gel trypsin digestion, nanoLC-MS/MS,
and Mascot analysis of the ~50-kDa band yielded several
peptides that matched the sequence of mouse DLD (64%
coverage) and no other significant hits. The two active bands
>97 kDa cross-reacted with a polyclonal anti-DLD antibody and
were present both in the mouse Mono S fraction and in a
commercial preparation of pig heart DLD (SI Fig. 6). In-gel
trypsin digestion, nanoLC-MS/MS, and Mascot analysis of these
bands from the mouse Mono S fraction or the pig DLD
preparation yielded several DLD peptides (13% and 59% cov-
erage, respectively), suggesting that unresolved DLD dimers
were present in this region of the gel. This procedure was not
attempted on band 14 because of insufficient protein levels.
However, deletion mutagenesis of DLD later suggested that the
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14-kDa region of the gel probably contained a proteolytically
active C-terminal fragment of the protein (see below). The
~50-kDa band continued to represent the main species detected
in proteolytically active fractions upon Superdex 200 (GE
Healthcare, Little Chalfont, U.K.) gel filtration of the mouse
Mono S fraction (Fig. 1 E and F). Thus, the proteolytic activity
appeared to be consistently associated with the presence of the
DLD protein.

Proteolytic Activity of Pig Heart DLD. Next, we investigated whether
a commercial preparation of pig heart DLD exhibited proteolytic
activity. As analyzed by SDS/PAGE and protein staining with
SYPRO orange, this DLD preparation was >90% pure (SI Fig.
7A). It exhibited DLD activity (data not shown) but was pro-
teolytically inactive against m-fxn (SI Fig. 7B). The total m-fxn
degrading activity purified from mouse liver mitochondria had
also been low at the end of the first chromatographic step (Uno
Q; Bio-Rad, Hercules, CA) but had consistently increased by
nearly 8-fold after the second step (hydroxyapatite; SI Table 1).
Similarly, when the pig DLD preparation was subjected to
hydroxyapatite chromatography, weak but clear proteolytic ac-
tivity was associated with the DLD protein (SI Fig. 7C), and the
activity continued to be associated with pig DLD upon addi-
tional purification steps (SI Fig. 7 D and E) as observed with
mouse DLD (Fig. 1 E and F). The purified pig DLD preparation
was subjected to trypsin digestion, nano-liquid chromatography/
tandem MS (nanoLC-MS/MS), and Mascot search. Only two
proteins were present in addition to DLD; these proteins were
different from the proteins identified in the mouse Mono S
fraction (data not shown) and once again did not include any
known protease (SI Table 2).

Proteolytic Activity of Recombinant Human DLD. The DLD dimer is
in a dynamic equilibrium with the monomer; the equilibrium can
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D444V mutation in the human DLD homodimer interface increases DLD proteolytic activity. (A and B) The two subunits of the human DLD homodimer

(1ZMCQ) (36) are shown in ribbon representation, with the D444 and Y438 residues shown as sticks. Figures generated with PyMOL. (C) Time courses of proteolytic
activity were performed with purified recombinant human WT or D444V DLD (5 ug per reaction) in proteolytic reaction buffer (PRB) with 1 ng per reaction of
m-fxn substrate and were analyzed by SDS/PAGE and SYPRO orange staining. The percent residual m-fxn was determined by densitometry; values at the bottom
of each blot represent the average of two independent experiments, one of which is shown. SDS/PAGE analysis of WT and D444V DLD is shown in Sl Fig. 8A. (D)
Purified D444V DLD (1.5 mg) was fractionated on a Superdex 75 gel filtration column. (Top and Middle) Ten microliters from each fraction were used to detect
DLD protein (Top) or measure proteolytic activity (Middle). (Bottom) The graph shows the protein elution profile (blue) superimposed to that of the proteolytic

activity (red), which was quantified by densitometry. A.U., arbitrary units.

be shifted toward monomer by freezing-thawing, high salt
concentrations, protein dilution, and other conditions (32-34).
Activation of DLD proteolytic activity by high salt concentra-
tions was observed during hydroxyapatite fractionation of the
mouse DLD (SI Table 1) and pig DLD (SI Fig. 7C) preparations,
and freezing-thawing resulted in further activation of both
enzymes (SI Fig. 7E and data not shown). Conversely, both
mouse and pig DLD were fully inactivated by 1 mM diisopropyl
fluorophosphate (DFP), an irreversible serine protease inhibitor
(35) (Fig. 1G and data not shown). From these observations, we
hypothesized that destabilization of the DLD homodimer might
enable the enzyme to function as a serine protease.

In humans, DLD mutations that affect the DLD activity are
linked to a severe metabolic disorder (23). We analyzed a
pathogenic mutation (D444V) in the DLD homodimer interface
previously hypothesized to result in loss of DLD activity by
perturbing the stability of the homodimer (24). The D444V
mutation causes the loss of two symmetric hydrogen bonds that
normally form between residue D444 of one subunit and residue
Y438 of the opposite subunit (36) (Fig. 2 4 and B). Patients
homozygous for the D444V mutation exhibit a drastic reduction
in DLD protein levels and a parallel loss of DLD activity (13%
and 15% of controls, respectively) (24). A total cell extract from
a previously characterized fibroblast cell line from a patient
homozygous for the D444V mutation (24) showed decreased
levels of DLD protein but more efficient cleavage of m-fxn
substrate to d-fxn relative to a control cell line (data not shown),
suggesting that the proteolytic activity of human DLD was
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enhanced by the D444V mutation. To confirm this observation,
the WT human DLD (WT DLD) and the D444V variant (D444V
DLD) were expressed in Escherichia coli with an N-terminal
six-histidine tag and purified in one step by nickel affinity
chromatography (SI Fig. 84). This procedure, which was com-
pletely different from those used for mouse or pig DLD, yielded
DLD and trace amounts of a handful of E. coli proteins, different
from the proteins identified in the mouse or pig DLD prepara-
tions (SI Methods and SI Tables 2 and 3). Both WT and D444V
DLD exhibited weak proteolytic activity with m-fxn substrate;
however, D444V DLD consistently cleaved m-fxn to d-fxn
products with faster kinetics than WT DLD (Fig. 2C). When
DLD D444V was subjected to gel filtration, the bulk of the DLD
protein was eluted with the molecular mass of the dimer, ~100
kDa (Fig. 2D Top, fractions 2-4). However, lower protein levels
were eluted with a molecular mass consistent with that of DLD
monomer, ~50 kDa (Fig. 2D Top, fractions 5-7). The proteolytic
activity peaked within these fractions (Fig. 2D Middle, fractions
5 and 6). Similarly, when the mouse or pig DLD preparations
were analyzed by Superdex 200 gel filtration, low DLD protein
levels were detected in the most active fractions (Fig. 1 E and F,
fractions 7 and 8, and SI Fig. 7E, fractions 7 and 8) with a
molecular mass consistent with that of the DLD monomer.
These data suggest that the proteolytic activity of DLD is
induced by conditions that destabilize the DLD homodimer.

Characterization of DLD Proteolytic Activity. The proteolytic activ-
ities of the native mouse and pig DLDs and recombinant human
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Fig. 3. Identification of serine protease active-site residues at the DLD
homodimer interface. (A) One subunit of human DLD homodimer (1ZMC) is
shown in ribbon representation with the dimer interface domain (residues
350-474) in green, and residues 5456, H450, and E431 are shown as sticks. The
figure created with PyMOL. (B) The C-term, corresponding to the dimer
interface domain, was expressed in E. coli and purified (S/ Methods and S|
Table 4). C-term (5 pg) was analyzed by SDS/12% PAGE and SYPRO orange
staining alongside the full-length human DLD. (C) Aliquots (5 or 10 ng) of
C-term DLD were incubated with or without 1 mM diisopropyl fluorophos-
phate or phosphorofluoridate (DFP) in duplicate for 24 h at 37°C. All protein
samples were resolved on SDS/12% PAGE, visualized by silver staining, eluted
from gel slices by passive diffusion, and tested for proteolytic activity with
m-fxn substrate as described in Fig. 1 Cand D. Shown are the results obtained
with eight independent gel slices. (D) WT and mutant DLD proteins were
purified at the same time and assayed simultaneously in a 96-well plate by
using a fluorogenic peptide substrate consisting of 13 aa from the m-fxn
N-terminal region, with a fluorescent donor and a quenching acceptor (see
Experimental Methods). Each reaction contained 2 uM DLD and 50 uM
peptide in 100 ul of 10 mM Tris*HCI, pH 8.0, and 50 mM Nacl. Total fluores-
cence was measured after 2, 4, and 8 h of incubation at 37°C. Blanks containing
DLD protein only or substrate only in buffer were run in parallel with proteo-
lytic reactions. Bars represent fluorescence intensity after background sub-
traction. Each bar represents the mean = SE of three (WT and D444V) or two
(S456A, S456A/D444V, E431A, and H450A) independent experiments, each
conducted in duplicate. SDS/PAGE analysis of all proteins is shown in SI Fig. 8A.

DLD were consistently inhibited by certain serine protease
inhibitors, whereas inhibitors of other classes of proteases had
inconsistent effects (Fig. 1G and data not shown). Kinetic
constants were determined for D444V DLD by using the chro-
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mogenic serine hydrolase substrate p-nitrophenyl butyrate
(pNPB) (37). D444V DLD hydrolyzed pNPB in a protein
concentration-dependent manner (SI Fig. 94 and SI Methods)
with a Viax of 3,085 nM/min and a K, of 1.36 mM (SI Fig. 9 B
and D), and was inhibited by DFP with an ICsy of 1.96 uM (SI
Fig. 9 C and D). In Fig. 1 C and D, we had detected some
proteolytic activity in a region of the gel corresponding to ~14
kDa. Similarly, when human D444V DLD had been subjected to
gel filtration, low levels of activity were present in fractions with
a molecular mass close to 14 kDa (Fig. 2D, fractions 12-15). We
further noted that the interface domain of the DLD homodimer
encompasses the 126 C-terminal residues of the protein (C-term)
(Fig. 34) with a calculated molecular mass of 13,551 Da,
suggesting that the proteolytic activity of DLD might reside in
the interface domain. Therefore, this domain was expressed in
E. coli without any tags and purified to near homogeneity by a
five-step procedure (Fig. 3B, SI Methods, and SI Table 4).
Purified C-term DLD was run on a SDS/12% PAGE gel, eluted
from gel slices by passive diffusion, and tested for proteolytic
activity with m-fxn as described in Fig. 1 C and D. We observed
m-fxn cleavage, which was proportional to the amounts of
C-term protein present in each gel slice (Fig. 3C). The activity
was fully inhibited when C-term protein was treated with the
covalent serine protease inhibitor, DFP, before SDS/PAGE (Fig.
3C). C-term DLD was also active against pNPB and a fluoro-
genic peptide (data not shown).

Identification of a Putative Serine Catalytic Dyad in DLD Monomer. A
sequence analysis of DLD did not identify any of the classic
serine protease motifs (38), however, visual inspection of the
crystal structure of human DLD homodimer revealed three
residues (S456-H450-E431) that might form a serine catalytic
triad at the homodimer interface, according to distance criteria
(Fig. 3A4). Full-length DLD proteins with point mutations in
these residues were expressed in E. coli and purified by affinity
chromatography. WT and mutant DLD proteins exhibited very
similar expression levels and purification yields. They also dis-
played a very similar degree of purity (SI Fig. 84) but different
levels of proteolytic activity (Fig. 3D). Alanine replacement of
5456 or E431 resulted in a complete loss of proteolytic activity
as measured with a fluorogenic peptide encompassing the m-fxn
N-terminal region (Fig. 3D). A double mutation, S456A/D444V,
gave low levels of residual activity (Fig. 3D, 2 h). Other studies
have shown that removal of the catalytic serine does not always
completely abolish the proteolytic activity of serine proteases,
either because a water molecule can serve as a “spare tire” for
the hydroxyl group of the catalytic serine or because binding and
orientation of the substrate is sufficient for a small amount of
catalysis (39, 40). Either mechanism may have been slightly
favored in the presence of the D444V mutation, resulting in the
low levels of activity detected at 2 h with the D444V/S456A DLD
protein. Unlike the activity of WT or D444V DLD, however, the
residual activity of D444V/S456A DLD did not increase over
time and was lower than the background fluorescence at 4 and
8 h (Fig. 3D).

In contrast to S456 or E431, alanine replacement of H450
resulted in an increase in proteolytic activity as compared with WT
DLD (Fig. 3D). In an effort to explain this result, multiple molec-
ular dynamic simulations (MMDSs) (10 ns for each simulation with
a 1.0-fs time step and different initial velocities; 100 simulations for
each protein; see SI Methods) were performed on the monomeric
C-term domain of WT DLD and H450A DLD by using a published
protocol (39). An MMDS-refined model of monomeric WT C-term
domain shows that the carboxylate group of E431 forms hydrogen
bonds with both the hydroxyl group of S456 and the imidazole
group of H450 (Fig. 44), whereas E431 does not have a hydrogen
bond to S456 in the crystal structure of human DLD homodimer.
This finding suggests that S456 and E431 form a catalytic dyad in
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Fig. 4. Putative catalytic dyad at the DLD homodimer interface domain.
Models of monomeric WT (A) and H450A (B) DLD homodimer interface
domain (residues 350-474; C-term) obtained by MMDSs (39). Close-ups of the
putative S456-E431 dyad were generated with PyMOL.

the DLD monomer, and that H450, by forming a hydrogen bond
with E431, may decrease the ability of E431 to polarize the hydroxyl
group of S456. Indeed, an MMDS-refined model of monomeric
HA450A C-term domain shows that the H450A mutation abolishes
the hydrogen bond between E431 and H450, consequently strength-
ening the hydrogen bond between E431 and S456 (Fig. 4B). This
may increase the polarization of the S456 hydroxyl group, explain-
ing the higher proteolytic activity observed with H450A DLD
relative to WT DLD (Fig. 3D).

All MMDS:s did not identify any other residues in the monomeric
C-term domain with a spatial position suitable to serve as the
general base, as found in canonical serine catalytic triads. The
putative S456-E431 dyad in the MMDS-refined models is located
in what appears as a possible peptide-binding pocket (Fig. 104) and
could function similarly to the Ser-Asp dyad of phospholipase A
(41, 42) or the Ser-Glu dyad of B-lactamases (43), which are
thought to use a nucleophilic serine and a carboxylate residue that
acts as a proton acceptor. The presence of a dyad may explain the
slow enzyme kinetics measured with p-nitrophenyl butyrate
(pNPB) and D444V DLD (SI Fig. 9) as compared, for example,
with subtilisin (37), which uses a classic triad. Both S456 and E431
are conserved in all known eukaryotic and some prokaryotic DLD
sequences, but not other members of the pyridine nucleotide
disulfide oxidoreductases (SI Fig. 10B) (44), suggesting that the
proteolytic activity is a specific function of DLD.

Interestingly, the mutations described above had variable effects
on the DLD activity (SI Fig. 8B). In particular, one proteolytically
inactive protein, S456A DLD, exhibited normal dehydrogenase
activity, whereas D444V or H450A DLD, which had higher pro-
teolytic activity than WT DLD, exhibited partial or nearly complete
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loss of dehydrogenase activity (SI Fig. 8B), suggesting that the two
activities of DLD may be independently modulated.

Discussion

Moonlighting proteins represent a growing class of molecules
that perform two or more different functions (13, 45). These
proteins are thought to have evolved because they can provide
cells with significant advantages, namely, the ability to increase
the spectrum of metabolic activities without increasing the
number of protein-coding genes, and the ability to coordinate
different metabolic pathways (13). A previously unrecognized
moonlighting mechanism emerges from our findings. The moon-
lighting proteolytic activity of DLD is revealed by conditions that
destabilize the DLD homodimer and decrease to various degrees
its DLD activity. Interestingly, a recent study has shown that
acidification of the mitochondrial matrix, as it occurs during
ischemia-reperfusion injury, disrupts the quaternary structure of
DLD, leading to a decrease in dehydrogenase activity and an
increase in diaphorase activity (7). The latter is an FAD- and
NADH-dependent activity believed to mainly have a prooxidant
role (3). These findings together suggest that, under physiolog-
ical conditions, DLD primarily functions as a DLD, playing a
central role in the maintenance of energy metabolism (9-12).
Conversely, the moonlighting proteolytic activity of DLD could
arise under pathological conditions, including the presence of
dimer-destabilizing mutations or the acidification of the mito-
chondrial matrix (7). In such conditions, a reduction in energy
metabolism (due to the loss of DLD activity) and an increase in
oxidative damage (due to increased diaphorase activity) (7)
could be further complicated by the appearance of proteolytic
activity. Proteolytically active DLD removes a functionally crit-
ical domain from the N terminus of frataxin, a mitochondrial
protein involved in iron metabolism and antioxidant protection
(26, 46), deficiency of which is responsible for the neurodegen-
erative and cardiac disease Friedreich ataxia (47). If frataxin
and/or other mitochondrial proteins are the natural substrates of
proteolytically active DLD, then the presence or absence of this
accessory activity could greatly influence cell survival during
ischemia-reperfusion injury as well as affect the biochemical
consequences of genetically determined DLD deficiency. It has
been proposed that moonlighting proteins can enhance the
phenotypic variability of single-gene disorders (14). In this
respect, it is noteworthy that patients with point mutations at the
DLD homodimer interface (D444V or R447G) were affected
with hypertrophic cardiomyopathy, which is one of the manifes-
tations of Friedreich ataxia (47) and has not been observed in
association with other DLD mutations (23). Conversely, partial
DLD deficiency was observed in a subset of Friedreich ataxia
patients (48, 49). Our findings should lead to future studies to
assess how the moonlighting proteolytic activity of DLD con-
tributes to the phenotypic manifestations of DLD deficiency,
Friedreich ataxia, and ischemia reperfusion injury, and whether
it could represent a target for therapies of these conditions.

Experimental Methods

Proteolytic Activity Assays. The m-fxn substrate corresponds to the
mature form of human frataxin (residues 56-210, i.e., lacking the
mitochondrial matrix targeting signal) (27), which was produced in
E. coli and purified as described in ref. 46. Proteolytic activity was
measured by the conversion of m-fxn to d-fxn products for the
indicated periods of time at 37°C as analyzed by SDS/PAGE and
protein staining. For a fluorescence-based assay, a peptide encom-
passing cleavage sites ¢ and d in the m-fxn N terminus (Fig. 1B) was
custom-made by AnaSpec (San Jose, CA). The peptide consists of
13 aa residues (NH,-K-K-E[EDANS]S-V-Y-L-M-N-L-R-K[DAB-
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CYL]-S-NH,) with a fluorescent donor, 5-[(2-aminoethyl) amino]
naphtalene-1-sulfonic acid (EDANS), and a quenching acceptor,
4-(4-dimethyl-aminophenylazo) benzoic acid (DABCYL) (50). The
assay was carried out in 96-well plates (Corning Costar, Corning,
NY) in a Fluoroskan Ascent fluorometer (Thermo Electron, San
Jose, CA) with excitation and emission wavelengths of 355 and 495
nm, respectively. Additional details are available in the figure
legends and in SI Methods.

Detailed descriptions of all materials and methods are pro-
vided in SI Methods.
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