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Abstract

Mammalian thioredoxin reductase (TR) contains a rare selenocysteine (Sec) residue in a conserved
redox active tetrapeptide of sequence Gly-Cys;-Seco-Gly. The high chemical reactivity of the Sec
residue is thought to confer broad substrate specificity to the enzyme. In addition to utilizing
thioredoxin (Trx) as a substrate, other substrates are: protein disulfide isomerase, glutaredoxin,
glutathione peroxidase, NK-lysin/granulsin, HIV Tat protein, HO», lipid hydroperoxides, vitamin
K, ubiquinone, juglone, ninhydrin, alloxan, dehydroascorbate, DTNB, lipoic acid/lipoamide, S-
nitrosoglutathione, selenodiglutathione, selenite, methylseleninate, and selenocystine. Here we show
that the Cys,-mutant enzyme or the N- terminal reaction center alone can reduce Se-containing
substrates selenocystine and selenite with only slightly less activity than the wild type enzyme, in
stark contrast to when Trx is used as the substrate when the enzyme suffers a 175- to 550-fold
reduction in ket Our data supports the use of alternative mechanistic pathways for the Se-containing
substrates that bypass a critical ring-forming step when Trx is the substrate. We also show that lipoic
acid can be reduced through a Sec-independent mechanism that involves the N-terminal reaction
center. These results show that the broad substrate specificity of the mammalian enzyme is not due
to the presence of the rare Sec residue, but is due to the catalytic power of the N-terminal reaction
center. We hypothesize that the N-terminal reaction center can reduce substrates: (i) with good
leaving groups such as DTNB, (ii) that are highly electrophilic such as selenite, (iii) or are activated
by strain such as lipoic acid/lipoamide. We also show that the absence of Sec only changed the
ICsq for aurothioglucose by a factor of 1.7 in the full-length mammalian enzyme (83 nM to 142 nM),
but surprisingly the truncated enzyme showed much stronger inhibition (25 nM). This contrasts with
auranofin, where the absence of Sec more strongly perturbed inhibition.
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High M, thioredoxin reductase (TR) is a member of the pyridine nucleotide disulfide
oxidoreductase family that includes glutathione reductase (GR) and lipoamide dehydrogenase
(LipDH). All three enzymes have a similar structure and mechanism (1). TR and GR use
NADPH as a cofactor to transfer a pair of electrons, via FAD, to a conserved disulfide redox
center, while LipDH uses NADH instead of NADPH (2). This N-terminal disulfide redox
center transfers a pair of electrons to: oxidized glutathione (GSSG) in the case of GR,
lipoamide/lipoic acid in the case of LipDH2, and a C-terminal, vicinal disulfide (Cys1-Cysy)
in the case of TR. This vicinal disulfide bond, although part of the polypeptide chain, is
functionally equivalent to GSSG and lipoamide, and acts as a shuttle to transfer electrons to
what is thought to be the primary substrate — thioredoxin (Trx) (3,4). Mammalian TR uses the
rare amino acid selenocysteine (Sec, U), the so-called 215t amino acid in the genetic code (5,
6), in place of Cys,.

It is thought that substitution of Cys with Sec has imbued the mammalian enzyme with broad
substrate specificity in comparison to its prokaryotic counterpart (3,7,8). Other
macromolecules besides Trx that have been reported as substrates include: protein disulfide
isomerase (PDI), glutaredoxin (Grx), glutathione peroxidase (Gpx), NK-lysin/granulsin, and
HIV Tat protein (9-13). Mammalian TR also reduces many small molecule compounds such
as: H,0,, lipid hydroperoxides, vitamin K, ubiquinone, juglone, ninhydrin, alloxan,
dehydroascorbate, DTNB, lipoic acid/lipoamide, S-nitrosoglutathione (GSNO),
selenodiglutathione, selenite, methylseleninate, and selenocystine (14—-24). Numerous places
in the literature cite the presence of the rare Sec residue in mammalian TR as the reason for
this broad substrate specificity3. However, it is known that some of these small molecules
(DTNB and ubiquinone), are at least in part turned over by a Sec-independent mechanism
involving the N-terminal reaction center (16,24). Here we demonstrate that several Se-
containing substrates can be turned over by the Cys,-mutant or by the N-terminal reaction
center alone with only a small loss in activity. This is in stark contrast to the steep loss in
activity with macromolecular Trx as the substrate when Sec, is mutated to Cys, (175- to 550-
fold in keat) (24,25), and the complete loss of Trx-reductase activity when the C-terminal
reaction center is missing.

In our previous work, we investigated the differences in the thiol/disulfide exchange step
between N- and C-terminal reaction centers of the mammalian Sec,-TR and the Cys,-TR from
Drosophila melanogaster (DmMTR) (26). The results of that study showed that a peptide
containing a cyclic 8-membered disulfide was an extremely poor substrate for the N-terminal
reaction center of the mammalian enzyme, but was a good substrate for the N-terminal reaction
center for the Drosophila enzyme. The N-terminal reaction center of the mammalian enzyme
would however reduce peptides containing either an 8-membered ring selenosulfide bond or
an acyclic selenosulfide bond, demonstrating the importance of Se to the thiol/disulfide
exchange step between N- and C-terminal reaction centers. We provided a geometric rationale
to explain the difference between the two types of enzymes in this thiol/disulfide exchange
step. In broad terms, we stated that a Cys,-TR (such as DmTR) could compensate for the lack
of Sec by using ring geometry to correctly position the thiolate of Cys; relative to the active
site general acid (HisH*). This geometry would stabilize the thiolate, enabling the thiol/

1c. elegans, Caenorhabditis elegans; CeTR2, mitochondrial TR from Caenorhabditis elegans; Cys, cysteine; DmTR, TR from
Drosophila melanogaster; DTNB, 5,5'dithio-bis(2-nitrobenzoic acid); DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; Gly,
glycine; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; lipoamide dehydrogenase, LipDH; My,
molecular ratio; mTR3, mitochondrial TR from mouse; NADPH, B-nicotinamide adenine dinucleotide phosphate, reduced; SDS-PAGE,
sodium dodecyl sulfate polyacrylamide gel electrophoresis; Sec, selenocysteine; Ser, serine; TB, terrific broth; TR, thioredoxin reductase;
Tris, tris-(hydroxymethyl)aminomethane; Trx, thioredoxin; U, the one letter code for Sec; WT, wild type.

LipDH normally converts dihydrolipoamide to lipoamide, but can also catalyze the reverse reaction, albeit with lower efficiency.

We have catalogued many of the statements in the literature that attribute the broad substrate specificity of mammalian TR to the presence
of a Sec residue in the Supporting Information.
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disulfide exchange reaction to occur between the two reaction centers in the absence of Sec.
Our specific proposal was that the intervening amide between neighboring half-cystinyl
residues adopted a cis conformation, and this special ring geometry allowed proton transfer
from HisH* to the thiolate of Cys, to occur. This explanation was based in part by the
observation that the S atoms of a vicinal disulfide bond were superposable with the S atoms
of GSSG bound in the active site of GR when the geometry of the intervening amide bond is
cis as shown in Figure 1 (27). We would like to point out that the thiolate of Cys, could be
stabilized by an ion pair mechanism, similar to a previous proposal by Wessjohann and Brandt
(28,29), and that the amide geometry of the intervening peptide bond need not be cis for this
to occur.

The relationship between GSSG and a vicinal disulfide bond was recognized earlier by the
research group of Gino Lucente, who reported the synthesis of y-(H-Glu-OH)-Cys-Cys-OH
(ox) as a glutathione analogue (Figure 2 —top ) (30). Lucente may have developed this analogue
with the idea that the geometry of the disulfide bond in this compound was similar to that of
the disulfide bond of GSSG as we show in Figure 1. This same group also synthesized
derivatives of 4-amino-1,2-dithiolane-4-carboxylic acid (Adt) as analogues of GSSG (Figure
2 —middle) (31). The disulfide bond of Adt is a 1,2-dithiolane, the same disulfide bond
contained in lipoic acid/lipoamide. Given the strong evolutionary relationship between TR,
GR, and LipDH mentioned above, Lucente may have reasoned that a 1,2-dithiolane could be
functionally equivalent to GSSG, even though we realized that the 1,2-dithiolane ring of lipoic
acid would be significantly more strained than that of a vicinal disulfide bond. Lucente’s GSSG
analogues spurred the hypothesis that the lipoic acid reductase activity of mammalian TR could
be due largely from the activity of the N-terminal reaction center. We decided to test this
hypothesis and the results presented herein are very instructive about the mechanism of the
thiol/disulfide exchange step between the N- and C-terminal reaction centers.

MATERIALS AND METHODS

Materials

NADPH, racemic (R, S) lipoic acid, lipoamide, and aurothiogluose were purchased from
Sigma-Aldrich (St. Louis, MO). Auranofin was a generous gift from Dr. Pamela Cassidy
(University of Utah). Selenocystine was synthesized by Dr. Alayne Schroll (St. Michael’s
College, VT). Cystine was from Acros (Geel, Belgium). The production of the recombinant
enzymes used in the study, except for the truncated mutant mTRA2%, has been previously
reported (24,27,32). All other chemicals and reagents were purchased from either Fisher
Scientific (Fair Lawn, NJ) or Sigma-Aldrich (St. Louis, MO) and were of reagent grade or
better.

Purification of Enzymes and Synthesis of mTRA2

We have previously reported the construction and purification of truncated forms of mTR3
and DMTR (27,32). These truncated forms are either missing the final eight amino acids
containing the C-terminal redox center (denoted as mTR3A8 and DmTRAS), or in the case of
the mouse enzyme missing only the final 3 amino acids (denoted as mMTR3A3). Here we also
report the construction of a truncated mutant of mTR3 missing its final two amino acids (Sec-
Gly). This was accomplished by expressing mTRA3 as a TR-intein-chitin binding domain
fusion protein in Escherichia coli cells. Cell lysate was applied to a chitin-agarose column, and
TR was cleaved from the intein with L-cysteine present in the buffer. Since L-cysteine contains

4Throughout this report we use a nomenclature of TR-AA1AA2AA3AA4 to denote the source of the enzyme and its C-terminal
tetrapeptide sequence. In addition, we use the nomenclature TRA2, TRAS3, etc to denote the number of amino acids missing from the
truncated enzyme in question.
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both a thiol group and an amino group, the use of this thiol as an intein cleavage reagent results
in the incorporation of one additional Cys residue into the target protein (TR), as the presence
of the amino group will cause rearrangement of the nascent thioester to produce a stable amide
linkage. The use of the TR-intein fusion protein for protein engineering studies in our lab has
been previously detailed (32).

Lipoic Acid/Lipoamide Reductase Assay

Racemic (R, S) lipoic acid and lipoamide were both assayed with various TRs to determine
activity, which was monitored spectrophotometrically by the decrease in absorbance at 340
nm due to consumption of NADPH by the enzyme. The assay consisted of assay buffer (100
mM potassium phosphate buffer, pH 7.0, 1 mM EDTA, 150 uM NADPH), and varying
concentrations of lipoic acid or lipoamide in a 500 pL final assay volume. The concentrations
of enzymes in these assays are given in Table S1 of the Supporting Information.

Reduction of oxidized glutathione and trans-4,5-Dihydroxy-1,2-dithiane

Both mTRA8 and DmTRAS8 were assayed to determine their activity towards GSSG and the
oxidized form of dithiothreitol (trans-4,5-dihydroxy-1,2-dithiane — DTT(0x)). Assays
consisted of 5 mM GSSG or 5 mM DTT(ox) in assay buffer, with either 963 nM mTRAS8 or
835 nM DmTRAS in a final volume of 500 pL. Activity was monitored by the decrease in
absorbance at 340 nm for both small molecule disulfides.

pH Rate Profiles For mTRA8 and DmTRAS8

In order to determine the optimum pH of the truncated TRs for enzymatic reduction of lipoic
acid, two truncated mutants missing their final eight amino acids (NTRA8 and DmTRAS8) were
assayed in 100 mM citrate, sodium phosphate, or Tris buffers with a range of pH values from
4.0 to 10.0 with a constant concentration of 7.5 mM racemic lipoic acid (from ethanol stock
solution). The 500 uL assays also contained 1 mM EDTA, 150 uM NADPH, and either 48 nM
MTRAS8 or 56 nM DmTRAS.

Reduction of Selenocystine and Cystine

Each solid was dissolved in a small volume of 1 M sodium hydroxide, which was then nearly
neutralized by the addition of almost the same volume of 1 M hydrochloric acid (resulting in
aslightly basic solution). The total volume was then increased to 1 mL by addition of deionized
water. Activity towards substrate was measured using assays containing 500 mM potassium
phosphate, pH 7.0, 10 mM EDTA, 200 uM NADPH, and 91 uM selenocystine or cystine in a
final volume of 1 mL. In the selenocystine assay, the following enzyme concentrations were
utilized: mTR-GCUG (27.2 nM), mTR-GCCG (22.8 nM), mTRAS8 (530 nM), and DmTR-
SCCS (16.5 nM). In the cystine assay, the enzyme concentrations utilized were: mTR-GCUG
(135 nM), mTR-GCCG (227.5 nM), mTRA8 (530 nM), and DmTR-SCCS (330 nM).

Reduction of selenite

A stock solution of sodium selenite was prepared by dissolving the solid in 200 mM phosphate
buffer, and then assayed with various TRs to determine activity. Assays contained assay buffer
and various concentrations of selenite ranging from 0 — 1 mM in a final volume of 500 pL.
Enzyme concentrations utilized were: mTR-GCUG (23.8 nM), mTR-GCCG (29.2 nM),
MTRA2 (40 nM), mTRA8 (24.2 nM), DmTR-SCCS (33 nM), and DmTRAS8 (68 nM).

Inhibition of TR By Gold Compounds

Inhibition of TR activity was assessed by 5,5'dithio-bis(2-nitrobenzoic acid) (DTNB)
reduction. Each 500 pL assay contained 100 mM sodium phosphate, pH 7.4, 2 mM EDTA,
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200 uM NADPH, 3 mM DTNB and varying concentrations of either auranofin or
aurothioglucose. 1Csq values were determined by plotting percent activity versus uninhibited
enzyme. Enzyme concentrations for these inhibition assays were: mTR-GCUG (4 nM), mTR-
GCCG (4 nM), and mTRAS8 (2 nM).

RESULTS AND DISCUSSION
Activity of TR Towards Se-Containing Substrates

The importance of the Sec residue to catalysis has been shown in several studies and mutation
of Sec to Cys causes a large drop in the rate of Trx reduction, 175- to 550-fold in k¢, (24,25).
In contrast, when we tested the Sec = Cys mutant of TR using selenocystine as the substrate,
the activity was only 3.7-fold lower than that of the wild type (WT) enzyme as shown by the
data in Table 1. Similarly, there is only a ~3-fold difference in activities between the
mammalian enzyme and DmTR, a TR that has a Cys residue in the 2"d position of the dyad
instead of Sec. The data in Table 1 also shows that the truncated enzyme missing the C-terminal
reaction center reduces the diselenide bond of selenocystine at a dramatically lower rate, while
the mutant in which only Cys; is present in the C-terminal reaction center reduces selenocystine
at an intermediate rate. This demonstrates that the enzyme uses a pathway for reduction of this
substrate that depends on the use of the C-terminal reaction center, but this mechanism must
be distinct from the pathway that the enzyme uses for the reduction of the disulfide bond of
Trx. This distinctiveness is demonstrated by: (i) the fact that substitution of Sec, with Cys,
results in a large decrease in the rate of reduction of Trx, (ii) the truncated enzyme in which
only Cysy is present will not reduce Trx at all (data not shown). These two points are in marked
contrast when selenocystine is the substrate as shown in Table 1.

We also tested sodium selenite as a substrate for the WT enzyme and the same mutants
discussed above and the results are summarized in Table 2. A similar, but not identical pattern
is exhibited. Similar to when selenocystine is used as the substrate, the Cys,-mutant enzyme
has only ~ 2-fold less activity than the WT enzyme when selenite is the substrate. However
the truncated enzyme missing the C-terminal reaction center (nTRAS8) still had very significant
activity with selenite — only 6-fold lower activity than the WT enzyme, and the mutant missing
Sec,, but still containing Cys; has the same activity as the truncation mutant where both
Cys; and Sec; are absent. These last two results are different than when selenocystine is the
substrate.

The data in Tables 1 and 2 also show that DmTR reduces selenocystine and selenite at
considerable rates. This observation together with the fact that the Cys,-mutant of the
mammalian enzyme reduces these Se-containing substrates at rates comparable to the WT
enzyme demonstrates that the nucleophilicity of Sec, relative to Cys, is not an important factor
for some reactions catalyzed by TR, as we have previously contended (26). Further, the
presence of Sec in TR is not entirely responsible for the broad substrate specificity of the
enzyme.

The data presented above leads to the interesting observation that Se can be removed from the
enzyme, resulting in only a small decline in substrate turnover rate, if a Se atom is present in
the substrate. This model can be rationalized by understanding the types of bonds that the N-
terminal reaction center can reduce. As shown in Figure 3A, the C-terminal reaction center
reduces macromolecular Trx and becomes oxidized, forming a cyclic S;-Se, bond as an 8-
membered ring. This selenosulfide bond is essentially an internal substrate for the N-terminal
redox center and can be reduced by the N-terminal reaction center because it is polarized and
has a low pK, leaving group (Se) (36). As has been previously demonstrated, the disulfide bond
of DTNB can be reduced directly by the N-terminal reaction center. This is because the S-S
bond of DTNB is highly polarized due to the presence of symmetrical 2-nitrobenzoate groups
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bonded to each S atom, and as a result of this polarization this S-S bond is highly electrophilic.
In addition, this strong polarization results in a leaving group pKj of the thionitrobenzoate
anion of 4.75 (37). These two observations lead us to hypothesize that the N-terminal reaction
center prefers to reduce substrates of the form S-Y, where Y is a good leaving group. We
explain this hypothesis in mechanistic terms in Figure 3B showing our proposed mechanism
for the reduction of selenocystine by TR. This mechanism explains why Se-containing
substrates are turned over by the Cys,-mutant at only slightly lower rates than the Seco-WT
enzyme, in direct contrast when Trx is reduced by the Cys,-mutant. In the case in which
Sec, is mutated to Cys, with Trx as the substrate, the mutant enzyme still utilizes a ring
formation pathway but now an 8-membered S1- S, ring is formed as an intermediate. This type
of disulfide is unreactive towards thiol-disulfide exchange with the N-terminal reaction center,
as we have already previously demonstrated (26). Whereas when selenocystine is the substrate
(Figure 3B), the enzyme could utilize a pathway that bypasses ring formation, but still allows
for formation of a S;-Seg,, bond (of the type S-Y, though in this case the selenosulfide bond
that forms is between enzyme and substrate instead of an internal selenosulfide bond), and this
S1-Segqyp bond is reactive towards thiol/disulfide exchange with the N-terminal reaction center.

The mechanistic situation with selenite as substrate is somewhat different. Selenite, like the S-
S bond of DTNB, is highly electrophilic and the data in Table 2 shows that it can be reduced
by the N-terminal reaction center directly, with only a small loss in activity compared to the
full-length enzyme when Sec; is present. The electrophilicity of selenite is a direct consequence
of the Se atom, as we were unable to detect activity using sulfite as the substrate (data not
shown). Because the truncated enzyme where only Cys; is present had the same activity as the
A8 enzyme, the mechanism shown in Figure 3B is unlikely to be used for selenite. Instead, the
thiolate of Cysc could attack the mixed diselenide bond between enzyme and substrate
directly. The proposed mechanism also bypasses ring formation (Figure 3C), but in a different
way than for selenocystine. The reason for higher activity for the enzymes with an intact C-
terminal reaction center is that this allows for further polarization of the bond between enzyme
and substrate, whether the 2"d residue of the dyad is Cys or Sec. We explain the difference in
enzyme mechanisms for selenocystine and selenite as being due to the difference in polarization
in the bond formed between enzyme and substrate (compare the middle panels of Figures 3B
and 3C). The three oxygen atoms on selenite confer significant polarization to the mixed
diselenide bond, allowing for direct attack by Cys,c, whereas in the case of selenocystine, a
relatively unpolarized diselenide would form between enzyme and substrate and this diselenide
bond is unreactive towards exchange with the N-terminal reaction center. Thus the S atom of
Cys; is needed to form the required S-Y bond. This idea is supported by the fact that the A8
enzyme cannot directly reduce selenocystine.

Further evidence that the mechanisms of these two substrates are different is evidenced by the
pH vs. activity profiles. The profile for selenite is broad with a pH optimum between pH 6 and
7, while the profile for selenocystine is also broad, but the optimum is between 7.5 and 8. These
profiles are shown in the Supporting Information as Figures S1A and S1B, respectively. It is
also interesting to view the profiles of these two substrates for the mammalian A8 enzyme so
that the effect of pH on activity can be determined for the N-terminal reaction center only. For
selenite, the pH optimum is near pH 6.0 and the profile is significantly sharper than the full-

length enzyme. For selenocystine, the pH optimum is near 8.0 for the truncated enzyme (shown
in the Supporting Information as Figures S2A and S2B, respectively). As reported previously,
the pH optimum of the A8 enzyme with DTNB as substrate is also shifted significantly towards
acidic pH (26). Both selenite and DTNB are highly electrophilic compounds. It is tempting to
infer that the reason for the occurrence of Se in the mammalian enzyme is that there is a certain
electrophilic threshold required by the N-terminal reaction center for substrate reduction (note
sulfite is a poor substrate), whether it is Se in an external substrate like selenite, or Se in the

S1- Se, bond of the C-terminal selenosulfide motif (internal substrate). The electrophilicity of
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Se is a well established principle in organic chemistry (38). This idea is complementary to the
leaving group concept for Se in TR we introduced previously.

Our proposed leaving group concept is further supported by the result in Table 1 showing that
selenocystine is a much better substrate in comparison to cystine. These two substrates are
highly similar in terms of dihedral angles, overall charge, and size (39). A major difference
between these two small molecule substrates is leaving group pK, upon Se-Se or S-S bond
scission, as the pK, of a selenolate is ~5.2 versus ~8.3 for that of a thiolate (36,40). Thus cystine
unlike DTNB, could not be reduced by the truncated A8 enzyme (direct reduction by the N-
terminal reaction center), because its S-S bond is not polarized and lacks a good leaving group.
Our proposed mechanisms also explain why cystine cannot be reduced by the WT-enzyme. If
the pathway outlined in Figure 3B is used to reduce cystine, a mixed S;-Sq, bond would form
between enzyme and substrate and this is not of the type S-Y. This S1-Sg,p bond would then
be unreactive towards exchange with the N-terminus, just as is the case when an 8-membered
S1-S, ring forms in the Cys, mutant. If we imagine that cystine could be reduced using the
pathway shown in Figure 3C, a mixed Se,-S1 bond would form between enzyme and substrate
and this has the reverse context compared to a S;-Se, bond, making exchange very slow.
Moreover, if this were the case, the thiolate of Cys|c would have to attack a S atom of cysteine,
which compared to the Se atom of selenite, is not very electrophilic. Our proposed mechanisms
explain why these Se-containing substrates are largely independent of the presence of the C-
terminal Sec residue.

Leaving group pK, as a determining factor in substrate utilization by mammalian TR is also
seen with other known, small molecule substrates such as we have pointed out with DTNB
above. This concept explains why GSSG is not a substrate (its leaving group thiol has a
relatively high pKjy), while analogues of glutathione such as selenodiglutatione (GS-Se-SG),
and S-nitrosoglutathione are both utilized as substrates by mammalian TR (17,20). This is most
likely due to the low pKj of the selenolate in GS-Se-SG and HNO in GSNO (pK, =4.7) (41).

Disulfide Reductase Activity of TR

A summary of the kinetic data using lipoic acid as a substrate for full-length and truncated TRs
is given in Table 3 (the mitochondrial TR from C. elegans (CeTR2) is included as part of our
analysis). As the data in Table 3 demonstrates, the assumption that Sec is needed to catalyze
the reduction of lipoic acid is found to be untrue upon comparison of the full-length WT
Sec,-containing enzyme to the full-length Cys,-mutant enzyme as the ke, values are nearly
identical. The Ky, value does increase 2.3-fold in the Cys, mutant, however. The truncated
mammalian enzymes in this study also turned over lipoic acid, consistent with our hypothesis
that the reduction of the 1,2-dithiolane ring of lipoic acid is largely due to the reactivity of the
N-terminal reaction center. Like our results with small molecule Se-containing substrates
above, this result demonstrates again that Sec is not needed to reduce some substrates and the
broad substrate specificity is not due to the presence of the Sec residue. However, while the
truncated mammalian enzymes would turn over lipoic acid, they did not display saturation
kinetics, so we are unable to report a K, value for these mutants. Comparing the activity of
MTRAS to the full-length enzyme, we see that this truncated enzyme has higher activity than
the WT enzyme, demonstrating that the substrate has greater access to the N-terminal reaction
center in the mutant than in the WT enzyme.

Interestingly, we found that mTRAS had significantly higher activity at pH 6.1. At this pH,
mMTRAS8 did show saturation Kinetics, with kgy; increasing nearly 3.6-fold compared to the WT
enzyme at pH 7.0. The pH rate profiles for mTRA8 and the full-length enzyme with lipoic acid
as a substrate are shown in Figure 4A. As can be seen in the profile, there is a very sharp drop
in activity below pH 6.1 for both enzymes and an explanation for this behavior is currently
unknown. A possible explanation is that as the pH becomes lower than 6.0, the thiolate of
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Cys)c becomes protonated, making thiol/disulfide exchange slow between enzyme and the 1,2
dithiolane of lipoic acid. We previously reported the pK, of Cysc as 5.8 (26). In contrast to
the truncated mammalian enzyme, DmTRAS did not show a sharp increase in activity near pH
6 and had a very similar profile to that of its full-length counterpart as shown in Figure 4B.
However, if we use lipoamide as a substrate, we see lower activity overall (lower kgq), but also
tighter binding as reflected by a nearly 3-fold drop in Ky, (Table 4). The pH optimum using
lipoamide as a substrate is ~ 8.5 for this truncated enzyme (see Figure S3 in the Supporting
Information). The difference in activities between lipoic acid and lipoamide seems to be the
affinity the enzyme has for the negatively charged lipoic acid versus the neutral lipoamide.
The data indicates that this affinity is not preferential binding because the neutral substrate has
a lower K, than the charged substrate. We posited that the carboxylate group of lipoic acid
was acting as a general acid/general base catalyst. This hypothesis was tested by adding 50
mM acetate to the lipoamide assay buffer solution. The presence of acetate in the reaction
buffer resulted in 23.6% higher activity using lipoamide as a substrate at pH 6.1 and 17.5%
higher activity at pH 7.0, respectively. This data is consistent with an acid/base catalytic role
for the carboxylate group of lipoic acid, but the higher activity could also be the result of a
specific binding interaction between substrate and enzyme.

The overall results clearly demonstrate that the disulfide bond of lipoic acid/lipoamide is
capable of being reduced by the N-terminal redox center and this suggests to us that in the
holoenzyme reduction of lipoic acid (and other substrates) can occur via the N-terminal redox
center. We speculate that some substrates are in competitive equilibrium with the C-terminal
selenosulfide ring for interaction with the N-terminal redox center. This model allows for
reduction of small molecule substrates to take place at either site (Figure 5). This model is
similar to the one put forth by Fujiwara and coworkers for the reduction of DTNB by TR
(42). Previously it has been assumed that the reduction of lipoic acid is dependent upon the
presence of Sec in the C-terminal redox center (18).

Since lipoic acid/lipoamide must also bind in the same place occupied by the C-terminal tail
containing either a vicinal disulfide bond in the case of DmTR or a vicinal selenosulfide bond
in the case of the mammalian enzyme, the results also show a clear difference in the preference
of ring size of various disulfide substrates with each type of enzyme as summarized in Tables
5and 6. As shown by the data in Table 5, the mammalian enzyme clearly prefers a small-
ringed, disulfide substrate. This can be seen in comparing the activities of lipoic acid/lipoamide
(5-membered ring) to DTT(ox) (6-membered ring) and a peptide containing a vicinal disulfide
bond (8-membered ring). The mammalian enzyme can utilize an 8-membered ring substrate,
but only if a Se atom is present in the substrate. The preference of the mammalian enzyme for
the 5-membered 1,2-dithiolane ring of lipoic acid is in spite of the much higher pK, value for
both sulfhydryl groups (10.7) (43) compared to the 8-membered ring of the peptide containing
a vicinal disulfide bond (8.3) (40). We put forth two reasons for the higher activity of the 1,2-
dithiolane ring as a substrate in comparison to the other ring sizes with the truncated mammalian
enzyme. First, seminal work by Whitesides and coworkers demonstrated that due to the large
ring strain imparted on the 1,2-dithiolane ring system by the highly compressed C-S-S- C
dihedral angle (35°), that a 1,2-dithiolane is 650-fold more reactive towards thiol/disulfide
exchange reactions compared to a 1,2-dithiane ring (such as DTT(ox)) (46,47). Second, the
leaving group sulfur atom in this exchange reaction must be positioned to be protonated by the
enzymic general acid (His463"). The fact that the 8-membered ring of the peptide containing
a Cys;-Cys, vicinal disulfide is a very poor substrate could be interpreted as meaning the ring
is relatively unstrained in this peptide, or the thiolate of Cys, is not in the correct position to
be stabilized by His463', either by proton transfer (our previous argument) (26,27) or by
electrostatic stabilization.
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The situation with DMTRAS8 (a Cys-TR) contrasts with that of the mammalian enzyme as it
shows a preference for 8-membered ring substrates if we compare the same series of disulfides
(Table 6). However, lipoic acid is still turned over 190-fold faster in comparison to DTT(0x),
but the overall rate is lower in comparison to mTRAS8. This lower activity with lipoic acid is
probably a reflection of the higher pK; of the attacking thiolate in DMmTRAS in comparison to
MTRAS8 (6.5 for Cys57 — Cys|c in DmTR vs. 5.8 for Cys52 — Cys,c in mTR) (26). If we use
the same line of reasoning as above to explain the higher activity of the 8-membered ring of
the Cys;-Cysy vicinal disulfide peptide substrate in comparison to the other disulfide substrates
in Table 6, it would mean that there is either a large degree of strain energy in the ring of the
enzyme/peptide complex —rendering this peptide substrate highly reactive, or the conformation
of the ring allows for correct positioning for the stabilization of the thiolate of Cys,. We also
find that the turnover rate of a homologous peptide in which a Se atom substitutes for a sulfur
atom (while still maintaining the size of the ring at 8 atoms) is significantly higher —greater
than 2-fold. This fact implies that the presence of a Se atom imparts higher activity to the
peptide substrate because of the lower pK; of a selenolate compared to a thiolate, since Se for
S substitution would most likely decrease ring strain as a result of a larger ring size. Both types
of truncated enzymes can utilize acyclic substrates if the substrate contains a low pKj leaving
group. This is seen upon comparing the linear, acyclic substrates GSSG and DTNB. The low
pK, leaving group of DTNB compensates for a lack of ring strain as well as the “incorrect”
position of the leaving group thiolate relative to reactive groups in the tetrapeptide binding
pocket.

Inhibition of TR By Gold Compounds

Conventional wisdom also holds that the reason for the very strong inhibition of TR by various
organogold compounds is that the Se atom of the mammalian enzyme makes a very strong
coordinate covalent bond with Au (48,49). However, it is well known that thiols also have a
strong interaction with Au (50). Given that we have tested several strongly held beliefs about
the mammalian enzyme as discussed above, we decided to examine the ability of the
mammalian enzyme and the truncated mammalian enzyme to be inhibited by auranofin and
aurothioglucose. The results are summarized in Table 7 and the activity/inhibition curves are
given in Figure 6. The results show that mutation of Sec to Cys causes the 1Cgg to increase 4-
fold in the case of auranofin and 1.7-fold in the case of aurothioglucose, indicating that the Se
atom interacts with the Au atom in both of these inhibitors. To further assess the role of the Se
atom in binding these inhibitors, we tested the truncated enzymes ability to be inhibited by
both compounds. The results show that the binding of auranofin is strongly perturbed by the
elimination of the C-terminal tail containing the Gly- Cysq-Secy-Gly tetrapeptide, as the
ICsq increases from 75 nM to 850 nM. In the case of aurothioglucose, the truncation mutant
shows tighter binding than the WT enzyme. This demonstrates that a significant portion of the
binding interaction of the Au atom of aurothioglucose is with the two thiol groups of the
CicVNVGCcT (N-terminal) active site. We recently demonstrated that the pKj values of these
two thiol groups are: pKgyc = 5.8 and pKyct = 5.02 (26). Thus, at pH 7, these thiol groups are
strongly ionized and can attack the more positively charged Au atom of aurothioglucose (in
comparison to auranofin) and form a strong complex. In addition, aurothioglucose is more
compact than auranofin and can more easily fit into the tetrapeptide binding site of the enzyme
(see Figure 7 for the structures of these compounds).

The datain Table 7 potentially explains some of the differential effects that have been observed
with these inhibitors. In a recent study it was shown that when cells were treated with
aurothioglucose that there was no increase in the amount of oxidized Trx and there was also
no increase in the production of reactive oxygen species (51). In contrast, cells treated with
auranofin underwent apoptosis in a mechanism that depended on pro-apoptotic members of
the Bcl-2 family (Bax/Bak). The auranofin treated cells exhibited signs of mitochondrial
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oxidative stress such as increased levels of peroxiredoxin 3 (52). Arnér and coworkers have
recently characterized what they have termed as “SecTRAPS” (selenium compromised
thioredoxin reductase derived apoptotic proteins). A SecTRAP is a form of TR in which the
Sec residue has become modified with a cellular electrophile. The modification of the Sec
residue apparently unmasks a new function of the enzyme, and it is this new function that
causes apoptosis. This group also demonstrated that this new function of TR induced oxidative
stress inside the cell and that this activity was dependent upon the CVNVGC active site (53).
Our potential explanation is that auranofin complexes with the Se atom of TR forming a
SecTRAP and enhances the function of the N-terminal reaction center and this new function
leads to cellular apoptosis, while aurothioglucose completely inhibits the activity of the
CVNVGC active site so that the toxic effects are not observed.

CONCLUSION

The presence of a rare Sec residue in mammalian TR is the frequently cited reason for the broad
substrate specificity of the enzyme. This investigation has shown that this precept is not true
for two reasons. First, Se-containing substrates can be reduced by the Cys,-mutant or by the
N-terminal reaction center alone with only a slight decrease in activity. Second, some substrates
such as lipoic acid/lipoamide can be reduced directly by the N-terminal reaction center as has
been shown for ubiquinone and DTNB. Therefore, not all of the reported activities of the
enzyme are due to the presence of this exotic amino acid. These two observations show that
the enzyme is more defined by the types of bonds that the N-terminal reaction center will reduce
than the by the presence of Sec. Our hypothesis is that the N-terminal reaction center will
reduce bonds of the type S-Y, where Y is a good leaving group. This definition can be expanded
to include highly electrophilic compounds such as selenite and disulfide bonds that are highly
strained such as is the case with lipoic acid. We also suggest that substrates reduced by the N-
terminal reaction center require a certain electrophilic threshold in order to be efficient
substrates of the enzyme. This view highlights the electrophilic character of Se in the conserved
redox active tetrapeptide, Gly-Cys;-Sec,-Gly, in the C-terminal reaction center. Given the
findings presented here, a detailed investigation should be undertaken to determine which
activities of the enzyme are due to the presence of a Se atom and which are due solely to the
activity of the N-terminal reaction center. The data we presented with inhibitors
aurothioglucose and auranofin also shows the need to re-examine the mechanism of inhibition
of known inhibitors as they may either inhibit the enzyme via the Sec residue or inhibit the
chemistry of the N-terminal reaction center.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Overlay of the disulfide bond of GSSG (purple) bound in the active site of GR with a vicinal
disulfide bond (cis) in a type Vla B-turn conformation (green). S atoms are shown in yellow.
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Figure 2.

Similarity of glutathione, lipoic acid, and a peptide vicinal disulfide bond. (top) Glutathione
analogue y-(H-Glu-OH)-Cys-Cys-OH(ox). (middle) Glutathione analogue 4-amino-1,2-
dithiolane-4-carboxylic acid. (bottom) Overlay of the conformation of lipoic acid (white) with
the same vicinal disulfide bond shown in Figure 1. Note how the S atoms of lipoic acid fit
inside the ring and approximately match the positions of the S atoms of the ring. For the sake
of clarity, the bond between the two S atoms of lipoic acid is omitted so that the positions of
the atoms can be more clearly seen.
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Gly-OH

Figure 3.

Comparison of the current, accepted mechanism of the reduction of Trx (A) with our proposed
alternate mechanistic pathways with Se-containing substrates (B and C). In (A) The Se atom
of Sec, attacks the disulfide bond of Trx to form a mixed selenosulfide bond (Sep-Sgqp) between
TR and Trx (middle panel). The S atom of Cys; then attacks the Se atom of the mixed
selenosulfide bond to form a cyclic S1-Se, bond as an 8-membered ring. The thiolate of
Cysic must then attack either Sq (path 1) or Se, (path 2). Several groups have proposed path
2, while we previously have argued for path 1 (26,27,33-35). The first step of the reduction of
selenocystine (B) initially begins just like the reduction of Trx (compare first panels of A and
B), but after the mixed diselenide bond forms between TR and substrate (Se,-Seg,, — middle
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panel), the S atom of Cys; attacks the Se atom of the substrate to form an acyclic S;-Segyp
bond. This is the preferred substrate for the N-terminal reaction center (compare the last panels
of A and B and note the similarity). We previously demonstrated the mammalian TR reduces
acyclic S-Se bonds with only a moderate reduction in activity compared to the cyclic, 8-
membered selenosulfide bond (26). The data indicates that the mechanism for the reduction of
selenite (C) must be somewhat different in comparison to selenocystine. Once a mixed
diselenide bond (Se,-Segp) forms between TR and substrate, Cys;c may attack Segp directly.
In this case Segp, is a good electron sink due in part from the electron withdrawing effect of
the bonded oxygen atoms and also to the electrophilic nature of Se itself. This logic may bolster
the case for path 2 — attack at Se in (A). If this is true, we still argue for a leaving group role
for Se in the subsequent reduction of the S;c-Se, bond. Note that Cys,c is the interchange
cysteine and Cyscr is the charge-transfer cysteine.
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Figure 4.
Reduction of lipoic acid as a function of pH. (A) mTRA8 (closed squares) and full-length mTR

(open squares). The truncated enzyme has an optimum at pH 6.1, while the full-length enzyme
has an optimum near 7.5. (B) DmTRAS8 (closed circles) and full-length DmTR (open circles).
Both enzymes have similar profiles with pH optima near 7.5.
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tetrapeptide
binding pocket

Figure 5.

Proposed model for the interaction of small molecule substrates with TR. Both the oxidized
C-terminal tetrapeptide (Gly-Cys-Sec-Gly) and small molecule disulfide (such as lipoic acid)
can bind in the tetrapeptide binding pocket and are thus in competitive equilibrium for
interacting with the N-terminal C{VVNVGC, redox center. These equilibrium constants are
represented by Kgmz1, for small molecules, and Kyp, for the C-terminal tetrapeptide. Both of
these equilibrium constants are composed of individual rate constants in the forward and
reverse directions that describe the rate of reduction of either the small molecule disulfide or
the C-terminal vicinal selenosulfide bond. Please note that here the 8-membered ring of the C-
terminus is shown with trans amide geometry in the chair-chair conformation. Depending on
the redox state of the holoenzyme, the reduction of lipoic acid can take place via the reduced
C-terminal tetrapeptide (described by equilibrium constant Kgps2). Thus lipoic acid can be
reduced via two modes of interaction. While not proven here, the overall rate of reduction is
most likely a combination of the two different pathways (and thus combination of rate
constants). A similar model has been previously proposed for the reduction of DTNB (20).

Biochemistry. Author manuscript; available in PMC 2010 July 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lothrop et al.

!
I
60 lﬁ

% Activity

. ~

0
0

Figure 6.

Auranofin (nM)

800

% Activity

120

100

80

60

40

20 +

Page 20
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Aurothioglucose (nM)

Inhibition plots of TR using auranofin as an inhibitor (A) or aurothioglucose as an inhibitor
(B) for mTRAS8 (open triangles), mTR-GCCG (open squares), and mTR-GCUG (closed
circles). 1Csq values are calculated from this plot and reported in Table 6.
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Figure 7.
Structures of gold containing inhibitors of TR: auranofin (top), aurothioglucose (bottom).
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Table 1
Activities of Various TRs Towards Selenocystine and Cystine?

Enzyme-tetrapeptide Activity (mol NADPH/min/mol TR)
Selenocystine (-Se—Se-)” Cystine (-S—S-)
mTR-GC,U,G 295+ 21 298 +1.03
mTR-GC,C,G 78.4+3.4 0.848 +£0.041
mTR-GC; 12.5+2.0 0.425 £0.053
mTRAS 0.576 £ 0.046 0.425 £0.053
DmTR-SC,C,S 110+ 15 0.536 + 0.084

aPerformed at pH 7.0 and 91 uM substrate concentration.

k)The reduction of selenocystine by TR was first described in (29).
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Table 2
Activities of Various TRs Towards Selenite@

Enzyme-tetrapeptide Activity (mol NADPH/min/mol TR)

0.3 mM SeOs; 1 mM SeO;
mTR-GC,U,G 195+ 9 3089
mTR-GC,C,G 104+9 261 + 14
mTR-GC, 320+ 1.5 482+2.5
mTRAS 354+ 1.0 489+ 6.5
DmTR-SC,C,S 22.6+59 404+ 1.8
DmTRAS 16.1 £0.6 31.9+3.0

aAssays were done at pH 7.0.
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Lipoic Acid Reductase Activity of Various full-length and truncated TRs?.

Enzyme” Activity at 5 mM keat (min™) Kn (mM)
Substrate

mTR-GC,U,G 38.2+0.9 89.9+5.5 7.25+0.72
mTR-GC,C,G 209+ 0.9 84.9+79 16.2+2.0
mTRA8 87.7+3.3 NA® NA
mTRAS8 (pH 6.1) 102+8 319 +26 11.3£1.3
mTRA3 280+1.5 NA NA
mTRA2 269+ 1.2 NA NA
DmTR-SC,C,S 9.87 +0.76 NA NA
DmTRAS 20.8 £1.2 NA NA
CeTR-GC,C,G 48+0.3 8.93 £0.40 4.11 +0.38

a - TP . .
For assay conditions, please see the text under Lipoic Acid/Lipoamide Reduction Assay.

bSee footnote 4.

c . L
Not applicable for these assays because saturation kinetics were not observed.
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Table 4
Lipoamide Reductase Activity of Various Full-length and Truncated TRs?.

Enzyme Activity at 2 mM kear (min™) Kmn (mM)
Substrate

mTR-GC,U,G 220+ 1.5 47.7+4.6 2.47+0.44
mTR-GC,C,G 4.44 + 0.46 NA” NA
mTRAS 7.26+0.12 144+24 2.14 4 0.65
mTRA3 6.94 + 0.47 32.0+ 7.0 6.94 +1.93
mTRA2 3.41 £ 0.07 3.63 £0.38 0.228 +0.110
DmTR-SC,C,S 9.26 +0.37 NA NA
DmTRAS 112412 NA NA
CeTR-GC,C,G 2.47+0.21 NA NA

a - TR . .
For assay conditions, please see the text under Lipoic Acid/Lipoamide Reduction Assay.

b . S
Not applicable for these assays because saturation kinetics were not observed.
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Activity of mTRA8 Toward Cyclic and Acyclic Substrates.
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Type of Bond . Activity at 5 mM

Substrate Broken Ring Size Leaving Group pK, Substrate
Lipoic Acid® S 5 10.79 87.7
Lipoic Acid (pH 6.1) S-S 5 10.7 102
DTT(0x) S-S 6 9.28 0.234
PTVTGCCG(0x)® S-S 8 8.3f 0.153
PTVTGCUG(0x)® S-Se 8 5.29 793
Glutathione S Acyclic 9.42" 0.0723
DTNB s-s Acyclic 4.751 2430

aThese assays were performed at pH 7.0 unless otherwise noted.
bThe units are mol NADPH/min/mol TR.

cThis data was taken from (26).

dTaken from (43).

eTaken from (44).

fTaken from (40).

gTaken from (36).

hTaken from (45).

ITaken from (37).
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Activity of DMTRA8 Toward Cyclic and Acyclic Substrates?@.
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Type of Bond Activity at 5 mM

Substrate Broken Ring Size Leaving Group pK, SubstrateP
Lipoic Acid S-S 5 10.7 20.8
DTT(0x) 5-S 6 9.2 0.109
PTPASCCS(ox) S-S 8 8.5 233
PTPASCUS (ox) S-Se 8 5.2 514d
Glutathione S-S Acyclic 9.42 ND®
DTNB S-S Acyclic 4.75 519

aThese assays were done at pH 7.0.

bThe units are mol NADPH/min/mol TR.

cThis data was taken from (26).

dThe activity reported here is with 1 mM oxidized peptide.

e -
No detectable activity.

Biochemistry. Author manuscript; available in PMC 2010 July 7.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

Lothrop et al.

Page 28

Table 7
Inhibition of Mouse Mitochondrial TR and TR Mutants By Gold Compounds.

Enzyme ICs¢ Auranofin (nM) ICsy Aurothioglucose (nM)
mTR-GC,U,G 75 83
mTR-GC,C,G 325 142
mTRAS8 850 25
Human Placental TR 20 65

aTaken from (35)
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