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Reduction of the antioxidant lipoic acid has been proposed to be catalyzed in vivo by lipoamide dehydroge-
nase (LipDH) or glutathione reductase (GR). We have found that thioredoxin reductase (TR) from calf
thymus, calf liver, human placenta, and rat liver efficiently reduced both lipoic acid and lipoamide with
Michaelis-Menten type kinetics in NADPH-dependent reactions. In contrast to LipDH, lipoic acid was
reduced almost as efficiently as lipoamide. Under equivaent conditions at 20°C, pH 8.0, mammalian TR
reduced lipoic acid by NADPH 15 times more efficiently than the corresponding NADH dependent reduction
catalyzed by LipDH (297 min~* for TR vs. 20.3 min™* for LipDH). Moreover, TR was 2.5 times faster in
reducing lipoic acid with NADPH than in catalyzing the reverse reaction (oxidation of dihydrolipoic acid
with NADP"). In contrast, LipDH was only 0.048 times as efficient in the forward reaction as compared
to the reverse reaction (using NADH and NAD™). We conclude that all or part of the previously described
NADPH-dependent lipoamide dehydrogenase (diaphorase) activitiesin mammalian systems should be attrib-
uted to TR. Our results suggest that in mammalian cells a significant part of the therapeutically important
reduction of lipoic acid is catalyzed by thioredoxin reductase. © 1996 Academic Press, Inc.

Thioredoxin reductase (TR), lipoamide dehydrogenase (LipDH) and glutathione reductase
(GR) belong to a family of pyridine nucleotide-disulfide oxidoreductases containing FAD and
aredox active disulfide (1). The two latter enzymes are highly similar homo-dimeric enzymes
with 50 kDa subunits conserved between all species. In contrast, the properties of thioredoxin
reductase (EC 1.6.4.5) differs between Escherichia coli and mammalian cells (2). The reaction
catalyzed by TR from all species is:

NADPH + H* + Trx-S, = NADP" + Trx-(SH),

where Trx-S, is oxidized thioredoxin and Trx-(SH), reduced thioredoxin. Thioredoxin (12
kDa) in reduced form is an efficient protein disulfide reductase with numerous functions,
including function as hydrogen donor of ribonucleotide reductase, regulation of chroloplast
enzyme activities, redox control of transcription factors and cytokine effects on normal and
malignant cells. For reviews on thioredoxin, see (3-5).

Thioredoxin reductase from E. coli with a subunit M, of 35 kDa has been studied in depth,
with cloning, sequencing and a high resolution X-ray structure of the enzyme (6, 7). The three-
dimensional structure including the amino acid sequence around the redox active disulfide in

! Corresponding author. Fax: 46-8-31 15 51. E-mail: Elias. Arner@mbb.ki.se.

Abbreviations used are: TR, thioredoxin reductase; LipDH, lipoamide dehydrogenase; GR, glutathione reductase;
Trx, thioredoxin; Trx-S,, oxidized Trx; Trx-(SH),, reduced Trx; DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid); lipoamide,
DL-6,8-thioctic acid amide; lipoic acid, oxidized DL-6,8-thioctic acid; dihydrolipoic acid, reduced DL-6,8-thioctic
acid; TE buffer, 50 mM Tris-Cl, 2 mM EDTA, pH 8.0.
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E. coli TR is strikingly different from the corresponding consensus structures of GR and
LipDH and it was concluded that the disulfide reductase activities of E coli TR and GR must
have evolved convergently (7). Mammalian TR was originaly purified from calf liver and
thymus (8), and to homogeneity from rat liver (9). The rat liver enzyme showed subunits with
M, of 58,000 and the human placenta enzyme had similar properties with even higher subunit
M, (10). Mammalian TR, in contrast to the E. coli enzyme, shows a broad substrate specificity
and reduces not only thioredoxins from many species (8) but also several low molecular weight
substrates including 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), vitamin K, selenodiglutathi-
one, selenite, lipid hydroperoxides, and alloxan (reviewed in (4). Inhibitors of mammalian TR
include antitumour quinones (11, 12), nitrosoureas (13), 13-cis-retinoic acid (14), and 1-chloro-
2,4-dinitrobenzene (DNCB) (15). DNCB also induces NADPH oxidase activity after alkylation
of mammalian TR (15), which resembles the NADPH oxidase (or diaphorase) activity of both
glutathione reductase (16) and lipoamide dehydrogenase (1).

We have sequenced a large number of internal peptides of bovine TR and cloned and
sequenced the rat enzyme (manuscript submitted) which largely confirms the cDNA sequence
of aputative human TR recently reported by Powis and coworkers (17). The sequences revealed
a close structural relationship between mammalian TR and GR or LipDH. We have therefore
reinvestigated the activity of mammalian TR with the principal substrates for GR and LipDH,
and found that lipoamide and lipoic acid were efficient substrates for the enzyme.

Lipoic acid bound in amide linkage to transacetylase or transsuccinylase is an essentia
cofactor in the mitochondrial oxoacid dehydrogenase complexes (1, 18, 19). Recently lipoic
acid has gained interest as an antioxidant, with potential therapeutic applications in a range
of conditions, including ischemia-reperfusion injuries, cataract formation, HIV activation, neu-
rodegeneration and radiation injury (19).

Both lipoic acid and dihydrolipoic acid are present extracellularly and human plasma levels
have been reported to be 1-25 ng/ml and 33-145 ng/ml, respectively (20). Exogenously adminis-
tered lipoic acid is rapidly and to a high extent reduced to dihydrolipoic acid by mammalian
cells (19, 21, 22). LipDH cannot be the sole enzyme catalyzing this reduction, since cells
which lack LipDH, like erythrocytes, till reduce lipoic acid to dihydrolipoic acid by an
NADPH dependent reaction (22). Glutathione reductase is an NADPH dependent lipoic acid
reducing enzyme, but the efficiency in this reaction was very low compared to reduction of
GSSG (22, 23).

MATERIALS AND METHODS

Material. 2',5'-ADP-Sepharose and Q Sepharose were from Pharmacia Inc. Recombinant human Trx was prepared
as described (24) while E. coli Trx came from IMCO (Sweden). Porcine LipDH was purchased from Sigma, as was
lipoamide (oxidized DL-6,8-thioctic acid amide), lipoic acid (oxidized DL-6,8-thioctic acid) and dihydrolipoic acid
(reduced DL-6,8-thioctic acid). Dihydrolipoic acid was used within two hours upon opening of the sealed ampule.
All other chemicals used were of analytical grade or better. TR from bovine liver and thymus, rat liver or human
placenta was purified based upon the method described earlier (9). The purifications typically resulted in 2.5 mg of
TR from 1 kg of tissue, homogenous as judged by SDS PAGE and with a specific activity in DTNB reduction (8)
of more than 1000 A ,;,/min/mg.

lon exchange chromatography. Aliquots of TR (6 ug in 200 ul TE buffer) were loaded on a Mono Q PC 1.6/5
column (SMART system, Pharmacia Biotech Inc., Sweden) equilibrated with TE buffer. TE buffer was allowed to
run through until UV baselines were steady (approximately 5 min at 100 ul/min) whereupon protein was eluted with
alinear NaCl gradient 0 -0.3 M in TE buffer in 20 min. Fractions of 100 ul were continuously collected and stored
at —20°C until analyzed for enzyme activity. Protein content in each fraction was determined using the SMART
manager software for calculation of the integrated absorbance at 280 nm.

Enzyme activity determination. Enzyme activity was measured spectrophotometrically at 20°C in TE buffer as
described earlier (8, 9), with the following modifications. Screening of activity in fractions of the MonoQ chromatogra-
phy (Figure 2) was carried out in 96-well Cel-Cult plates (Sterilin Ltd., England) and consumption of NADPH was
measured through decrease of absorbance at 340 nm determined using the THERM Omax microplate reader (Molecular
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Devices Corp., CA) with the kinetic application of the accompanying SOFTmax software. Samples (10 ul) were
added to wells containing 150 ul TE buffer with 200 uM NADPH and substrate, i.e. either SeO3~ (200 M), lipoamide
(400 M) or insulin (100 M), the latter supplemented with either human (5 M) or E cali (5 uM) Trx. In each case,
reference wells contained only TE buffer and 200 xM NADPH. Reduction of DTNB (500 M) in the fractions was
performed in the same manner, but in the presence of 300 uM NADPH and the reduction of DTNB determined by
increase of absorbance at 405 nm (instead of 412 nm). A well containing TE buffer, 300 xM NADPH and 500 uM
DTNB but no enzyme was used as reference.

When lipoamide and lipoic acid as substrates were further analyzed (Tables | and II, Figure 2), enzyme activity
was determined at 20°C using a Shimadzu double-beam spectrophotometer with semi-micro cuvettes containing 500
ul TE buffer (pH 8.0) with 200 uM pyridine nucleotide, enzyme and lipoamide or lipoic acid (0-2500 pM), with
everything included except lipoamide or lipoic acid in the reference cuvette. In each case, 5 ul of pure enzyme was
added, which gave final TR concentrations of 1.2 nM (human placenta TR), 6.9 nM (calf thymus TR), 12.4 nM (rat
liver TR) and 13.8 nM (calf liver TR), as determined in separate experiments by DTNB reduction calculating with
an M, for the holoenzyme of 116000 and assuming 1200 A, units'min/mg for the pure enzyme (4). Porcine LipDH
from Sigma (10.4 mg/ml) was diluted in TE buffer at the time for experiments and an M, of 100 000 was used in
calculations of concentrations (3 ul of 100 times diluted LipDH in 500 ul was considered to give 6.24 nM LipDH
in final concentration). Conversion of pyridine nucleotide was determined by decrease (oxidation of NAD(P)H) or
increase (reduction of NAD(P)*) of absorbance at 340 nm and using a molar extinction coefficient of 6200 M~*cm™.
Lipoamide and lipoic acid were dissolved in EtOH as 50 mM stock solutions and EtOH was therefore added to an
equal fina concentration of 4% in all cuvettes. In each case, enzyme and pyridine nucleotide was added first, pre-
incubated 5 min to reduce the enzyme, whereafter substrates were added and activity was measured.

RESULTS

At the onset of this study, we screened several of our preparations of purified mammalian
TR with the primary substrates of GR and LipDH. GSSG was confirmed not to be a substrate,
in agreement with previous results (9). However, we found a significant NADPH dependent
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FIG. 1. lon exchange chromatography of mammalian TR. Purified calf thymus TR was analyzed on a column of
MonoQ anion exchanger with an isocratic NaCl gradient as shown in A (®; protein profile, solid line; salt gradient).
B (inset) shows the enzymatic activity in those fractions containing protein, using DTNB (®, dashed line), insulin
(coupled to human Trx, 4, or E coli Trx, A), selenite (M), or lipoamide (®) as substrates.
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TABLE |
Kinetic Parameters of Mammalian Thioredoxin Reductase in
Reduction of Lipoamide, Reduction of Lipoic Acid,
and Oxidation of Dihydrolipoic Acid®

Km Keat Keal Ko
Source of TR (mM) (min™?) (MM~ min™?%)
Calf thymus 0.49 503 1035
Calf liver 1.00 918 913
Human placenta 0.51 1102 2182
Rat liver 0.86 1296 1498
Kinetic parameters of rat liver TR for

Substrate lipoic acid and dihydrolipoic acid
Lipoic acid 0.71 368 518
Dihydrolipoic acid® 0.88 173 196

& Consumption of pyridine nucleotide was determined by following
the change of absorbance at 340 nm using a molar extinction coefficient
of 6200 M~* cm™*. Assays were performed at 20°C,pH 8.0, in 50 mM
Tris, 2mM EDTA, and 200 uM NADPH with 3—15 nM TR (depending
on preparation) and 0—-2500 pM lipoamide or lipoic acid, as described
in further detail in Materials and Methods. The kinetic parameters given
in the table are those derived if Michaglis-Menten kinetics are fitted to
the experimental data. The fitted Michaelis-Menten plots in reduction
of lipamide and lipoic acid and oxidation of dihydrolipoic acid by rat
liver TR are shown in Fig. 2.

® NADP* used instead of NADPH.

lipoamide reduction in all TR preparations that we analyzed. To exclude contamination of
lipoamide dehydrogenase, one of the pure calf thymus TR preparations (showing one single
distinct band on SDS gel) was further analyzed with MonoQ ion exchange chromatography.
It was clear that previously known TR-catalyzed reactions (Trx-dependent insulin reduction
aswell as reduction of DTNB or selenite) co-eluted in one single peak together with reduction
of lipoamide (Figure 1). The same result was repeated with two additional TR preparations,
one from calf thymus and one from rat liver (data not shown). We aso tested TR from E.
coli for lipoamide reduction, but this enzyme did not reduce lipoamide to any detectable level
(data not shown).

Kinetic parameters in the NADPH dependent lipoamide reduction by human, rat and calf
TR were then determined (Table I). For the rat liver TR preparation, that had the highest
specific activity, reduction of lipoic acid aswell as the corresponding reverse reaction (NADP*
coupled dihydrolipoic acid oxidation) was also analyzed (Table I). Also lipoic acid and dihy-
drolipoic acid were good substrates, with K, values in the same range as those for lipoamide
(Table 1). In none of the reactions (reduction of lipoamide or lipoic acid with NADPH or
oxidation of dihydrolipoic acid with NADP") could any cooperativity be observed and the
experimental data were easily fitted to classic Michagli-Menten type kinetics (Figure 2).

To compare the activities of mammalian TR with those of mammalian LipDH, both
NADP(H) and NAD(H) were used as pyridine nucleotides under equivalent conditions (20°C,
50 mM Tris, 1 mM EDTA, pH 8.0, 200 uM pyridine nucleotide and 1 mM lipoic acid
derivative) with both LipDH and TR. The results of these assays are given in Table II. The
reduction of lipoamide was ten times more efficient by LipDH using NADH than by TR using
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FIG. 2. Reduction of lipoamide and lipoic acid and oxidation of dihydrolipoic acid by rat liver TR. TR from rat
liver (7.4 nM) was analyzed for reduction of lipoamide (4) or lipoic acid (M) at 20°C, pH 8.0 in 50 mM Tris-Cl, 2
mM EDTA, and 200 uM NADPH or oxidation of dihydrolipoic acid ((J) using 200 uM NADP* instead of NADPH.
The curves fitted to the data are Michaelis-Menten plots and the derived kinetic parameters are given in Table |.

NADPH (9215 min~* vs. 889 min™%). TR, on the other hand, was fifteen times more efficient
in reducing lipoic acid than was LipDH (297 min~* vs. 20.3 min™%). It was also clear that TR
was more efficient in the forward reaction, i.e. reducing lipoic acid, as compared to the reverse
reaction, i.e. catalyzing oxidation of dihydrolipoic acid (ratio = 2.49). The opposite, however,
was true for LipDH, that was 20 times more efficient catalyzing the reverse reaction (ratio
between forward and reverse reactions = 0.048).

DISCUSSION

Our results show that mammalian thioredoxin reductase efficiently catalyzes NADPH-depen-
dent lipoamide and lipoic acid reduction. This reduction of lipoamide and lipoic acid illustrates
the close relationship of the mammalian TR with other enzymes of the pyridine nucleotide
disulfide oxidoreductase family, such as LipDH and GR, which has interesting implications
since TR of the E. cali type appears not to have evolved from a common ancestral protein
(7). It should be noted that we did not see evidence of cooperativity in the reduction of
lipoamide or lipoic acid by TR, which is different from the pronounced cooperativity seen in
the case of LipDH (1).

The efficient reduction of lipoic acid by mammalian TR adds to its known wide substrate
specificity (1-4). The strong 20-fold preference of LipDH for dihydrolipoic acid oxidation
compared to lipoic acid reduction under our assay conditions (Table I1) can probably in part
be explained by a lack of NAD™ in the assay, since NAD" is a strong positive effector (1).
TR readily reduced lipoic acid under without NADP*, demonstrating differences in enzyme
mechanism between these two enzymes. The K,-values of mammalian TR for lipoic acid and
its derivatives of 0.49 - 1.0 mM should be compared with K, values of 25 - 5 uM for
mammalian Trx (8, 9), illustrating the higher affinity of the enzyme for its natural substrate
thioredoxin. However, the k., values of 503 - 1296 min™* for lipoamide demonstrate an

272



Vol. 225, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

TABLE 11
Activity of Mammalian TR and LipDH in Reduction of Lipoamide and Lipoic Acid
and in the Reverse Reaction Oxidizing Dihydrolipoic Acid,
Using Either NADP or NAD as Pyridine Nucleotides

Enzyme activity (mol pyridine
nucleotide/mol enzyme/min)?

Pyridine
Substrate nucleotide TR LipDH
Lipoamide NADPH 889 <1
NADH 434 9215
Lipoic acid NADPH 297 <1
NADH <1 20.3
Dihydrolipoic acid NADP* 119 12.9
NAD* 238 424
Ratio in activity between
Substrates compared substrates compared
Lipoamide/lipoic acid 2.99° 454°
Lipoic acid/dihydrolipoic acid 2.49° 0.048°

@ All assays were performed at 20°C in 50 mM Tris, pH 8.0, and 2 mM EDTA with 1 mM lipoic
acid derivative and 200 yM pyridine nucleotide. The concentration used of purified rat liver TR
was 7.4 nM and that of porcine heart LipDH was 6.2 nM. Activity was determined as oxidation or
reduction of the pyridine nucleotides by following the change in absorbance at 340 nm using a
molar extinction coefficient of 6200 M~* cm™.

® With NADPH.

°With NADH.

9Using NADPH with lipoic acid and NADP* with dihydrolipoic acid.

¢ Using NADH with lipoic acid and NAD* with dihydrolipoic acid.

efficient reaction, when compared to the corresponding values of 3000 - 4200 min™* for
different mammalian thioredoxins (9, 24).

Severa NADPH-dependent diaphorases or NADPH oxidases, with varying degree of over-
lapping lipoamide dehydrogenase activity, have been described (25-29), many for which the
true nature has not yet been fully characterized. Also, NADPH-dependent diaphorase activity
has been associated with NO synthase expression in the nervous system, but additional neuronal
NADPH-dependent diaphorase activity which is not dependent on NO synthase has been
clearly demonstrated (30, 31). It will be important to determine how TR contributes to these
less characterized diaphorase activities. It is known that the enzyme is present in the nervous
system (32, 33) and the NADPH oxidase activity of TR (15) also readily reduces nitro blue
tetrazolium (NBT), the classic substrate in determination of neuronal NADPH dependent
diaphorase activity (Anér, Nordberg and Holmgren, unpublished observations).

It should be noted that mammalian lipoamide dehydrogenase is a mitochondrial enzyme as
part of several a-keto acid dehydrogenase complexes (1, 18) whereas TR is a cytosolic enzyme
with some association with membrane structures (33, 34). The association of TR with the
plasma membrane is worth emphasizing, since lipoamide dehydrogenase activity has also been
detected in plasma membrane fractions (35).

Dihydrolipoic acid and lipoic acid have different antioxidant properties and reduction of
lipoic acid is a necessary prerequisite for several of its antioxidant effects (19). The lipoic acid
reducing activity of mammalian TR should therefore play a significant role in the metabolism of
this compound and for activation of its many antioxidant and redox regulatory qualities.
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