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ABSTRACT: Thioredoxin reductase (TrxR) catalyzes the reduction of thioredoxin (Trx) by NADPH. Because
dipteran insects such as Drosophila melanogaster lack glutathione reductase, their TrxRs are particularly
important for antioxidant protection; reduced Trx reacts nonenzymatically with oxidized glutathione to
maintain a high glutathione/glutathione disulfide ratio. Like other members of the pyridine nucleotide-
disulfide oxidoreductase family, TrxR is a homodimer; in the enzyme from D. melanogaster (DmTrxR),
each catalytically active unit consists of three redox centers: FAD and an N-terminal Cys-57—Cys-62
redox-active disulfide from one monomer and a Cys-489’—Cys-490" C-terminal redox-active disulfide
from the second monomer. A dyad of His-464" and Glu-469” in TrxR acts as the acid—base catalyst of
the dithiol—disulfide interchange reactions required in catalysis [Huang, H.-H., et al. (2008) Biochemistry
47, 1721—1731]. In this investigation, the role of Glu-469” in catalysis by DmTrxR has been studied. The
E469’A and E469'Q DmTrxR variants retain 28 and 35% of the wild-type activity, respectively, indicating
that this glutamate residue is important but not critical to catalysis. The pH dependence of Vi« for both
glutamate variants yields pK, values of 6.0 and 8.7, compared to those in the wild-type enzyme of 6.4
and 9.3, respectively, indicating that the basicity of His-464" in TrxR in complex with its substrate, DmTrx-
2, is significantly lower in the glutamate variants than in wild-type enzyme. The rates of some steps in
the reductive half-reactions in both glutamate variants are much slower than those of the wild-type enzyme.
On the basis of our observations, it is proposed that the function of Glu-469’ is to facilitate the positioning
of His-464 toward the interchange thiol, Cys-57, as suggested for the analogous residue in glutathione
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Function of Glu-469” in the Acid—Base Catalysis of Thioredoxin Reductase from

reductase.

Thioredoxin reductase (TrxR,' EC 1.6.4.5) is a member
of the pyridine nucleotide-disulfide oxidoreductase family
that includes glutathione reductase, lipoamide dehydrogenase,
trypanothione reductase, peroxiredoxin reductase, and mer-
curic reductase (/, 2). The enzyme catalyzes the reaction
NADPH + H* + Trx(S), = NADP" + Trx(SH), (3). The
Trx system mediates a wide variety of physiological func-
tions in cells, and an excellent summary of its roles in
eukaryotes has appeared recently (4, 5).

The Trx system has been shown to be crucial in dipteran
insects such as Drosophila melanogaster and Anopheles
gambiae, the major vector of tropical malaria, because
glutathione reductase is absent in these organisms (6).
Reduced Trx is able to reduce glutathione disulfide (GSSG)
nonenzymatically to maintain a high ratio of GSH to GSSG,
which is important for defense against reactive oxygen
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species. TrxRs from D. melanogaster and A. gambiae are
closely related (69% identical), and the residues that con-
tribute to the active sites of the two enzymes are virtually
identical (7, 8). Thus, TrxR from D. melanogaster (DmTrxR),
for which a crystal structure is available (9), offers an
excellent model for TrxRs from dipteran insects.

DmTrxR is a high-M; TrxR with a monomer molecular
mass of ~55000 Da. Like other high-M; TrxRs, DmTrxR is
a dimeric flavoprotein (8, 10, 11). The mechanistically active
groups in DmTrxR consist of three redox centers: FAD, an
N-terminal disulfide (Cys-57—Cys-62) that is adjacent to the
flavin from one subunit, and a second disulfide (Cys-
489’—Cys-490) that is penultimate to the C-terminal serine
residue from the other subunit (9). A catalytic mechanism
of DmTrxR has been proposed (8, 11, 12) as shown in
Scheme 1; however, for the sake of clarity, some of the
protonation—deprotonation steps are not explicitly included.
In step ki, NADPH is bound to the re side of the isoallox-
azine ring of FAD, and in step k3, a hydride ion is passed
from NADPH to reduce FAD, forming a FADH —NADP*
charge-transfer complex (CTC) (EHy” in Scheme 1). The
reducing equivalents are then passed from FADH™ to the
N-terminal redox-active disulfide (Cys-57—Cys-62), which
is adjacent to the si side of the isoalloxazine ring of FAD,
and a CTC of thiolate (Cys-62) to FAD is formed (EH,® in
Scheme 1). Subsequently, reducing equivalents are passed
from the nascent N-terminal dithiol to the C-terminal redox-
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Scheme 1: Proposed Catalytic Mechanism of Wild-Type DmTrxR*
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“The reductive half-reaction involves the steps denoted by rate constants, k;—ks, and the oxidative half-reaction involves steps kj9—kz. MC,
Michaelis complex; MDS, mixed disulfide. Charge transfer is indicated by a dashed arrow. Residues numbered without a prime come from one
monomer, and those with a prime come from the other monomer. While there is no direct evidence to show that Cys-490” is the nucleophile that
attacks the disulfide bond of DmTrx, Cys-490” in DmTrxR occupies the same position as Sec-489” in mammalian TrxR. Because Sec-489” is
believed to undergo nucleophilic attack on Trx, Cys-490” in DmTrxR is thought to be a nucleophile to attack the disulfide bond of DmTrx. Data
in Bauer et al. indicate that the S of Cys-490’ is attacked by Cys-57 in step k7 and that the thiol of Cys-490 initiates the dithiol—disulfide interchange

with Trx (8).

active disulfide, in a dithiol—disulfide interchange reaction.
Finally, the nascent C-terminal dithiol reduces thioredoxin
(Trx). It has been shown that DmTrxR cycles between EH,
and EH, in catalysis as shown in Scheme 1 (8, 11).

As the catalytic mechanism of DmTrxR implies, a thiolate
anion on Cys-57 is required to initiate the dithiol—disulfide
interchange reaction. A histidine residue has been shown to
be important in the catalysis of TrxR (/3). This histidine
residue is able to act as a base catalyst to facilitate the
formation of thiolate anion on Cys-57 and to stabilize the
thiolate by the formation of an ion pair with the imidazolium
of His-464’. A glutamate residue, Glu-469’, juxtaposed with
the histidine residue has been suggested to be involved in
the catalysis of TrxRs from humans and Plasmodium
falciparum (13—15), but the actual function of this residue
has not been clarified.

A similar dyad acting as a general acid—base catalyst has
been identified in a variety of enzymes (/6, 17). The
functions of a triad in serine proteases have been studied
extensively (18—20). Ser-195, His-57, and Asp-102 form a
catalytic triad in chymotrypsin, and initially, Asp-102 was
thought to be involved in a charge-relay system with His-
57 to convert a weakly nucleophilic CH,OH group on Ser-
195 into a more reactive alkoxide ion, CH,O™. Recently,

the charge-relay mechanism has been considered to be
unlikely because the pK, value of His-57 is greater than that
of Asp-102 (19). Thus, Asp-102 would not be expected to
be able to sequester a proton from His-57. Subsequent NMR
studies suggest that a low-barrier hydrogen bond (LBHB,
or short, very strong hydrogen bond) is involved in the
catalysis. In chymotrypsin, His-57 and Asp-102 form a weak
hydrogen bond in the ground state. However, during
catalysis, a LHBH forms when the pK, values of His-57 and
Asp-102 closely match and the distance between these two
amino acid residues becomes shorter than the sum of the
van der Waals radii (i.e., the distance between the oxygen
and nitrogen must be less than 2.65 A). Formation of a
LBHB is more favorable in a hydrophobic environment, and
its formation is thought to lower the activation barrier of a
reaction. However, the existence of the LBHB mechanism
for chymotrypsin is contentious; the only support for this
mechanism comes from results of a NMR study and a low
deuterium fractionation factor of the hydrogen in the putative
LBHB (76, 21).

The structure of glutathione reductase, a member of the
same family of enzymes as TrxR, reveals that the distance
between the glutamate oxygen and the histidine nitrogen in
the dyad is only slightly longer than that associated with
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FIGURE 1: Stereoview showing the relative positions of the amino acid residues in the active site of DmTrxR. The active site contains a
FAD, an N-terminal redox-active disulfide (Cys-57 and Cys-62), and a C-terminal redox-active disulfide (Cys-489” and Cys-490"); the
Ser-Cys-Cys-Ser motif is at the end of a flexible sequence of amino acid residues that could position Cys-489” or Cys-490" near the nascent
N-terminal dithiol for the interchange reaction or alternately near the Trx binding site, as shown. His-464" is adjacent to the N-terminal
redox-active disulfide, and the distance between NE2 of His-464" and the sulfur atom of Cys-57 is equal to 3.69 A. The distance between
ND1 of His-464" and OE2 of Glu-469’ is 2.8 A (9). PyMol was applied to generate the image, and the structure used here is based on the

structure of rat TrxR (PDB entry 1H6V) (33).

LBHBs (2.8 A) (22, 23). The role of the analogous
glutamate-histidine dyad has been studied in another
dithiol—disulfide dehydrogenase, lipoamide dehydrogenase,
where the glutamate residue has been found to be able to
modify the acid—base properties of the histidine residue. The
glutamate residue is also likely to facilitate the orientation
of the histidine residue toward the redox-active disulfide to
make it more effective. Furthermore, the mutations that
substitute glutamine and aspartate residues for glutamate
change the electron distribution between the FAD and the
redox-active cysteine pair (24, 25). The glutamate-histi-
dine dyad juxtaposed with the N-terminal redox-active
disulfide is conserved throughout the enzyme family that
includes TrxR, and indeed, the glutamate variants of TrxR
from P. falciparum and humans have been shown to have
low activity (13—15). The function of this glutamate residue
in the catalytic mechanism of TrxR has not been studied in
detail despite the previously published data indicating its
involvement in catalysis. On the basis of the crystal structure
of DmTrxR (9), the distance between ND1 of His-464" and
OE2 of Glu-469’ is 2.8 A, as shown in Figure 1. The structure
of DmTrxR in the Protein Data Bank (PDB) is a monomer;
however, the active site of DmTrxR is composed of residues
from two subunits. Therefore, the structure of rat TrxR,
which is highly related to DmTrxR, was used to illustrate
the active site of DmTrxR. In addition, the glutamate and
histidine residues are presumably in a hydrophobic environ-
ment. Thus, in analogy to chymotrypsin, it may be possible
that a LBHB forms between His-464" and Glu-469” during
catalysis, enabling this dyad to facilitate formation of thiolate
anion on Cys-57.

To address the function of the glutamate residue in
DmTrxR, we have studied the pH dependence of the steady-
state kinetics of two glutamate variants, E469’Q and E469’A
DmTrxRs, and the effect of pH on the properties of the
glutamate variants undergoing the reductive half-reaction,
including the rates of the three phases and the spectra of the
intermediates.

MATERIALS AND METHODS

Chemicals. NADPH, lysozyme, FAD, phenylmethane-
sulfonyl fluoride, leupeptin, pepstatin, tricine, boric acid,
citric acid, and GSSG were purchased from Sigma-Aldrich.

Nickel-nitrilotriacetic acid agarose for purification of His-
tagged proteins was from QIAGEN. Isopropyl -D-thioga-
lactopyranoside was from Invitrogen. SDS—PAGE gels (4
to 20%) were purchased from NuSep. All other chemicals
and reagents were from Fisher Scientific unless stated
otherwise.

Site-Directed Mutagenesis. The plasmids of wild-type
DmTrxR and DmTrx-2 were kindly provided by S. Gromer
(University of Heidelberg, Heidelberg, Germany). The cDNA
fragments encoding the genes of interest were inserted into
the pQE-30 plasmid that allows expression of N-terminally
His-tagged proteins. pQE-30 was obtained from QIAGEN.
The sequence of each plasmid was verified by the sequencing
core facility at the University of Michigan.

The cloning of the glutamate variants was performed using
the QuikChange site-directed mutagenesis kit from Strat-
agene. The procedure in the manual provided by the
manufacturer was followed. A plasmid, pQE-30, having the
cDNA fragment of wild-type DmTrxR was used as a
template to clone E469’A, E469°Q, and E470’A DmTrxRs.
Another plasmid, pQE-30, containing the cDNA fragment
of E469’A DmTrxR derived from the pervious experiment
was applied as a template to clone E469’A/E470°A DmTrxR.
The sequences of oligonucleotides used in this study are
listed in Table S1 of the Supporting Information.

Preparation of the Glutamate Variants and the Substrate
DmTrx-2. The methods were described previously (72).
Briefly, the bacterial strain, NovaBlue from Novagen, was
used for protein expression with induction by isopropyl -D-
thiogalactopyranoside. The harvested cells were suspended
in buffer containing 50 mM potassium phosphate, 300 mM
NaCl, and 10 mM imidazole. In the preparation of enzymes,
100 uM FAD was added to the lysate solution to stabilize
the enzyme, and the bacteria were treated with lysozyme.
The protease inhibitors, phenylmethanesulfonyl fluoride,
leupeptin, and pepstatin, were added to cell lysates, and the
lysates were sonicated. The six-His-tagged proteins were
isolated from a nickel-nitrilotriacetic acid column with a step
gradient of imidazole. All elution buffers for the preparation
of enzymes contained 100 uM FAD. The procedures for
isolation of enzymes and substrate were performed in the
cold room (4 °C). The purity of each fraction of the glutamate
variants and of DmTrx-2 was determined by analysis on 4
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to 20% SDS—PAGE gel. The imidazole in each fraction was
removed with a 10-DG desalting column from Bio-Rad. This
procedure, which was quicker than dialysis, avoided the
known instability of these proteins during dialysis. The
concentrations of the DmTrxR glutamate variants and of
DmTrx-2, the physiological substrate, were determined
spectrally using an &4 value of 11900 M~! cm™! for the
enzyme and an &y; value of 7320 M~!' cm™' for the
substrate (8, 26).

Determination of Activities of the Glutamate Variants. The
activities were determined by the rates of consumption of
NADPH, monitored at 340 nm in the presence of 100 uM
NADPH, 50 uM DmTrx-2, and 0.3 mM GSSG in a universal
buffer (pH 7.6) (27) containing 25 mM borate, 25 mM
monobasic potassium phosphate, 25 mM tricine, and 25 mM
citrate; this buffer does not maintain a constant ionic strength
as the pH is changed. Results were corrected for the acid-
catalyzed hydrolysis of NADPH.

Steady-State Kinetics of the Glutamine Variants over a
Range of pH Values. The reaction rates of E469’A, E469’Q,
and E469’A/E470’A DmTrxRs were determined at various
pH values in the universal buffer by measuring the rate of
consumption of NADPH using various concentrations of
DmTrx-2 and a fixed concentration of NADPH (100 4M)
in the presence of GSSG (0.3 mM); because the K,, of
NADPH for the wild-type enzyme is less than 2 uM, it is
not possible to determine the Ky, value of NADPH accurately
without resorting to fluorescence techniques (/2). K, and
Vimax values were derived from a Michaelis—Menten graph
of turnover number versus concentration of DmTrx-2 fit by
the equation for a rectangular hyperbola.

The profiles of activity versus pH were fit to eq 1 to yield
the two pK, values.

—pH —pK,2
10 i 10

10 Pkl oM

Kinetics of the Reductive Half-Reactions of the Glutamate
Variants Using Stopped-Flow Spectrophotometry. The reduc-
tive half-reactions of the glutamate variants were studied by
placing NADPH in anaerobic buffer in one syringe and
oxidized enzyme in anaerobic buffer in the other syringe of
the Hi-Tech SF-61 DX2 stopped-flow spectrophotometer at
25 °C. Enzymes (10 uM) were mixed with various concen-
trations of NADPH (10, 20, 30, 50, and 100 xM). Changes
in the spectra during the reaction with NADPH were
observed using a photodiode array detector, and absorbance
changes at single wavelengths were monitored using a
monochromator coupled to a photomultiplier detector. The
dead time of the stopped-flow instrument is 1.5 ms, and the
first spectrum was recorded starting 1.5 ms after the stop of
flow. The apparent rate constants were derived from single-
wavelength data with KinetAsyst (version 3.16) from Hi-
Tech.

RESULTS AND DISCUSSION

Activity of the Glutamate Variants. The alignment of the
protein sequences of TrxR from different species shows that
two adjacent glutamate residues (Glu-469” and Glu-470")
could potentially be involved in the catalysis of the inter-
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change step (Figure S1 of the Supporting Information).
Therefore, E469°A and E470’A DmTrxR were cloned and
expressed. E469°’A DmTrxR had 28% of the wild-type
activity, whereas E470’A DmTrxR retained 70% of the wild-
type activity (data not shown), indicating that Glu-469” is
more important to the catalysis than Glu-470" is. The X-ray
structure of DmTrxR shows that Glu-469” is closer to His-
464’ in the triad with Cys-57, consistent with this conclusion
(9). To test the proposed idea that Glu-469” makes His-464"
a better catalyst, it was of interest to study the effect of pH
on the putative enhancement, utilizing both polar and apolar
replacement residues for Glu-469’. Therefore, the effects of
pH on the biochemical properties of E469’A and E469°Q
DmTrxRs, including steady-state kinetics and the charac-
teristics of the reductive half-reaction, were studied.

In the study of Benen et al., the activities of E455'D and
E455’Q varants of lipoamide dehydrogenase from Azoro-
bacter vinelandii retained only 1.6 and 1.2% of the wild-
type activity, respectively, in the steady-state assays using
an NAD™ analogue as the electron acceptor (dihydrolipoa-
mide to 3-acetylpyridine adenine dinucleotide, i.e., the
physiological direction) (24). However, the histidine variants
had even less than one percent of the wild-type activity,
indicating that Glu was less important than His in the overall
catalysis, as is the case with DmTrxR reported here.
McMillan et al. showed that E514’A TrxR from P. falci-
parum (PfTrxR) had 7.5% of the wild-type activity, while
the His-509” variant had only 0.45% of the wild-type activity
(13), again indicating that Glu was less important than His.
E469’A and E469’Q DmTrxRs have 28 and 35% of the wild-
type enzyme activity, respectively, indicating that like other
members of the family, this glutamate residue has a second-
ary role in acid—base catalysis.

Considering the rather minimal effect of these substitutions
in DmTrxR, it is possible that in the glutamate variants, the
neighboring Glu-470" may provide the function of Glu-469’
in its absence, with only modest alteration of the protein
structure. Therefore, the E469°’A/E470°’A DmTrxR double
variant was cloned and expressed to test this hypothesis. The
activity of this variant had 25% of the wild-type enzyme
activity, again indicating that the role of Glu-470" is
secondary and that it does not function effectively as an
alternate for Glu-469’.

Effect of pH on the Steady-State Kinetics of the Glutamate
Variants. The V. and K, values for the DmTrx-2 substrate
for E469’A, E469'Q, and E469’A/E470’A variants at different
pH values were determined using a fixed concentration of
NADPH (100 uM). As shown in Figure 2A, the pH profiles
for Vi of these three glutamate variants were shifted to
somewhat more acidic pH values compared to that of the
wild-type enzyme. The two pK, values derived from the pH
profiles of Vi for E469’A, E469°Q, and E469’A/E470°A
DmTrxRs are approximately the same (pK, = 6.0 = 0.1 and
8.7 £ 0.2). For the sake of comparison, the two pK, values
determined for the wild-type enzyme are 6.4 £ 0.1 and 9.3
4 0.13 (12). In our previous study, the pK, of 6.4 + 0.1 for
the wild-type enzyme in complex with DmTrx-2 was
attributed to contributions from both Cys-57 and Cys-490’,
the attacking nucleophiles in the dithiol—disulfide inter-
change steps (/2). This pK, did not change in H464'Q
DmTrxR, although the activity of H464’Q DmTrxR was
much lower than that of the wild-type enzyme, suggesting
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FIGURE 2: Steady-state kinetics of the wild-type enzyme and three
glutamate variants at different pH values. (A) pH profiles of Viax
for wild-type (—O—), E469'Q (—+ +—M—-++—), E469’A (---V¥---),
and E469’A/E4A70’A (+++A-++) DmTrxR. (B) pH profiles of Viy.x/
K. for wild-type (—O—), E469'Q (—+-—M—-+—), and E469°A/
E470°A (+++a--+) DmTrxR. The pH profile of V,./Ky, of E469’A
DmTrxR is not shown here because the profiles of two glutamate
variants are very similar. The K, and V,,, values were derived
from a graph of turnover number vs DmTrx-2 concentration fit to
an equation for a rectangular hyperbola. The data were fit to eq 1
to calculate the pK, values.

that the formation of thiolate anion in the variant is feasible
but very inefficient. In the study presented here, the apparent
pK, of 6.0 £ 0.1 for Vp., contributed by Cys-57 and Cys-
4907, is quite similar to that of the wild-type enzyme and is
consistent with our previous assignment of this macroscopic
pK, value to Cys-57 and Cys-490". The pK, of 9.3 £+ 0.13
assigned to His-464" in our previous work changed to 8.7 &
0.2 in the glutamate variants. This indicates that the basicity
of His-464" decreases in the absence of the negatively
charged Glu-469’.

The two apparent pK, values derived from the pH profiles
of Vimax/Ki of the three glutamate variants are 6.8 £ 0.15
and 9.0 £ 0.2 (Figure 2B) and virtually identical with those
of the wild-type enzyme (/2). The pK, values derived from
the pH profile of Vy,/Ky, are the macroscopic pK, values of
the free enzyme and substrate. We propose that the pK, of
6.8 £ 0.15 is contributed by the nascent thiols on Cys-57
and Cys-490’. The pK, of 9.0 & 0.2 was initially assigned
to His-464’. This work indicates that the assignment should
be to the His-464"-Glu-469” dyad. Figure 2B also shows that
the double mutant E469’A/E470°’A DmTrxR has a lower
catalytic efficiency than wild-type and E469’Q DmTrxRs.

Effect of pH on the Reductive Half-Reaction of E469°Q
and E469’A DmTrxR. Our previous results indicated that
mutation of His-464" inhibited the rate of flavin reduction
by only 3.8-fold compared to that of the wild-type enzyme
at pH 7 (formation of EH,” in Scheme 1); in contrast, the
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FIGURE 3: Spectra and kinetics observed in the reductive half-
reactions of E469’A DmTrxR. Reduction was carried out at pH 7
and 25 °C under anaerobic conditions. (A) Reduction of DmTrxR
(10 uM) with 10 equiv of NADPH: spectrum 1, oxidized enzyme;
and spectra 2—35, 3, 10, 100, and 600 ms, respectively. The inset
shows kinetic traces: curve 1, left y-axis, 450 nm; curve 2, right
y-axis, 540 nm; and curve 3, right y-axis, 670 nm. (B) Kinetic traces
at 450 nm and pH 7 (trace 1) and pH 9 (trace 2).

rates of disulfide reduction and subsequent interchange were
inhibited profoundly, 120-fold (EH,® to EH,® and EH,P) (12).
The reductive half-reactions of E469’Q and E469’A DmTrxR
were studied here to determine whether the proposed function
of Glu-469” is to make His-464" a stronger base for its
interaction with Cys-57, a part of the reductive half-reaction.
In addition, because the formation of thiolate anion is pH-
dependent, we also compared the effect of pH on the
reductive half-reactions of these two glutamate variants.
Figures 3A and 4A show the spectra observed during the
reductive half-reactions of E469’A and E469’Q DmTrxRs,
respectively. Three apparent phases were identified from the
kinetic traces (Figures 3A and 4A, insets). The first phase
occurred from the dead time (1.5 ms) to ~10 ms, the second
phase from ~10 to ~100 ms, and the third phase from ~100
to ~600 ms. In the first phase, the absorbance at 450 nm
decreased and that at 670 nm increased, representing
reduction of flavin and the formation of the
FADH —NADP* CTC, respectively. These steps are as-
sociated with reduction of E. to EH,* (Scheme 1). In the
second phase, the absorbance at 450 and 540 nm both
increased, showing partial reoxidation of the flavin and
formation of the thiolate—FAD CTC, respectively. Thus, this
phase represents the reaction from EH,* to EH,® (Scheme
1). In the third phase (the slowest one), the absorbance at
450 and 540 nm continued to increase. This phase may not
be due to a single step but could reflect the dithiol—disulfide
interchange reaction between the N-terminal dithiol and the
C-terminal disulfide (EH,® to EH,P), and the further reduction
of EH, with the second molecule of NADPH to EH4. The
data of the wild-type enzyme in Figure 4A in Huang et al.
(12) show a similar pattern but reflect the fact that the
reactions are faster (see below).

The rates of the first phase of the reaction of NADPH with
the glutamate variants were somewhat slower than those of
the wild-type enzyme (1.2—1.9-fold) (Table 1), showing that
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FIGURE 4: Spectra and kinetics observed in the reductive half-
reactions of E469’Q DmTrxR. Reduction was carried out at pH 7
and 25 °C under anaerobic conditions. (A) Reduction of DmTrxR
(10 uM) with 10 equiv of NADPH: spectrum 1, oxidized enzyme;
and spectra 2—4, 1, 10, and 600 ms, respectively. The inset shows
kinetic traces: curve 1, left y-axis, 450 nm; curve 2, right y-axis,
540 nm; and curve 3, right y-axis, 670 nm. (B) Kinetic traces at
450 nm and pH 7 (trace 1) and pH 9 (trace 2).

Table 1: Apparent Rate Constants Measured during the Reductive
Half-Reactions of Wild-Type, E469'Q, and E469°’A DmTrxR, at
Different pH Values and 25 °C

K4,app(NADPH)
e“ZymC" PH (//tM)h kl.app,max (Sil) k2,app (Sil) klapp (Sil)
wild type® 7 13+4 629 + 56 237+37 474+94
wild type® 8 8+£5 562 £ 83 187 £ 12 3816
wild type® 9 9428 488 £+ 36 170 £23 164 +£35
E469°A 7 21.5+42 432 £ 30 142£22 8§+ 14
E469°A 8 25£3.6 465 + 25 29+20 94434
E469'A 9 17£55 363 £+ 38 69+27 262+82
E469'Q 7 15+24 352+ 17 134+ 1.8 8+14
E469'Q 8 202+3 370 +£ 19 36654 104414
E469'Q 9 15+6.8 258 +£7 782+£67 71405

“The concentration of enzyme was 10 uM. ” The Kyapp(NADPH)
values were determined from kj,p, and different concentrations of
NADPH using an equation for a rectangular hyperbola. ki pp reflects the
reduction of the flavin. © The data have been published in our previous
paper (12).

the transfer of hydride ion from NADPH to FAD was only
slightly impaired in the glutamate variants. The second and
third phases were much slower than those of the wild-type
enzyme at pH 7 (17—18-fold) (Table 1), indicating that
electron transfer from FADH™ to the N-terminal redox-active
disulfide and the subsequent dithiol—disulfide interchange
reactions were significantly affected by the replacement of
Glu-469’, as expected.

The rate of the second phase (EH,* to EH,P) of both
glutamate variants increased at higher pH values, in contrast
to that of the wild-type enzyme; the behavior of wild-type
DmTrxR will be discussed below. Because the formation of
thiolate anion on Cys-62, the product of this reaction, is
favored at higher pH values, the rate of this phase in the
variants is expected to increase as the pH is increased, and
it does.

The effect of pH on the third rate constant (EH,® to EH,P)
for these two glutamate variants is different. The rates
observed in the third phase with E469’A DmTrxR were pH-
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dependent (Table 1), with the rate increasing at higher pH
values. As discussed previously, this step is ascribed in part
to the dithiol—disulfide interchange reaction between the
N-terminal nascent dithiol pair and the C-terminal redox-
active disulfide. The deprotonation of Cys-57, which is
essential for the interchange reaction, will be enhanced at
higher pH values as observed for E469°’A DmTrxR. In
contrast, the rate of the third phase of the reductive half-
reaction in E469’Q DmTrxR was independent of pH (Table
1). In this variant, the active site is more polar than that in
E469’A DmTrxR. It should be recalled that the flavin in this
enzyme family is buried in the protein because the reduction
of flavin by pyridine nucleotide and its reoxidation by
disulfide require apolar conditions. However, His-464" may
still catalyze deprotonation of the thiol of Cys-57 and
stabilize the resulting thiolate anion in E469’Q DmTrxR,
because the glutamine residue may still form a hydrogen
bond with His-464, unlike the alanine residue. A quote from
a recent paper from the Brocklehurst group shows that this
is not a simple matter. “The nature of the kinetic conse-
quences of electrostatic effects initiated by ionizations various
distances from and with different orientations with respect
to the catalytic site remains one of the least well understood
aspects of enzyme active center chemistry, and there is
considerable evidence that electrostatic effects are a major
factor in determining the behavior of cysteine proteinases”
(28). These workers present evidence indicating that the
polarity of the milieu of the Cys-25-His-159 dyad in papain
is affected primarily by Trp-177. However, earlier work from
the same laboratory had indicated, just as convincingly, that
Glu-50 was the principal affecter of dyad polarity, and the
nearest carboxylate, that of Asp-158, had less influence (29).

Our previous study showed that the rate of the third phase
with the wild-type enzyme decreased as the pH increased,
as shown in Table 1. Although the formation of thiolate anion
is favored at high pH, the formation of imidazolium on His-
464’ is less favorable at higher pH values. This confirmed
other data suggesting that the primary function of His-464’
is to stabilize the thiolate anion on Cys-57 via ion pair
formation, with the promotion of thiolate formation being
the less important function (/2). Formation of a hydrogen
bond between ND1 of the histidine residue and OEI of the
glutamine residue in E469’Q DmTrxR, similar to that which
occurs in the wild-type enzyme with Glu-469’, might
facilitate a productive orientation of His-464" toward Cys-
57, even if it were not ideal. The interaction of two linked
factors may result in this phase being independent of pH.
First, the thiolate anion on Cys-57 would be less stabilized
for attack on Cys-490" by the imidazolium of His-464" in
E469’Q DmTrxR than in the wild-type enzyme. Second,
deprotonation of Cys-57 in E469’Q DmTrxR would still be
affected by pH.

The kinetics of the reductive half-reaction of E469’A and
E469’Q DmTrxRs at pH 7 are compared with those at pH 9
in Figures 3B and 4B, respectively. The biphasic nature of
the increase in absorbance at 450 nm was more apparent at
pH 9 than at pH 7 with E469°Q DmTrxR. This may reflect
two enzyme populations whose relative concentrations
depend on the charge state of His-464".

Benen et al. showed that the spectra of the reduced
glutamate variants, E455'D and E455'Q, of lipoamide
dehydrogenase have high absorbance at 530 nm, contributed
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by the thiolate—FAD CTC (25). McMillan et al. showed that
in E514°A PfTrxR, the thiolate—FAD CTC is also enhanced
(13). The thiolate—FAD CTC contributing to absorbance at
540 nm was also enhanced in both glutamate variants of
DmTrxR (Figure 3, spectrum 5, and Figure 4, spectrum 4).
It is highly likely that enhancement of the CTC results from
subtle changes in the polarity of the active site. Our data
show that the absorbance at 670 nm contributed by the
FADH —NADP" CTC was higher in E469'Q and E469’A
DmTrxRs than in the wild-type enzyme (Figures 3 and 4,
spectrum 3). The higher CTC is partially due to electron
transfer to the proximal disulfide being slower in these
variants so that more of the FADH™—NADP* CTC builds
up, and possibly also to tighter binding of NADP™.

The Ky values of NADPH were calculated using plots of
the apparent first-order rate constants versus NADPH
concentration. As shown in Table 1, the binding of NADPH
to the glutamate variants was slightly less tight than to the
wild-type enzyme. Like that in the wild-type enzyme, the
effect of pH on the dissociation constant of NADPH for both
glutamate variants was not significant. The second and third
rate constants were nearly independent of the concentration
of NADPH.

CONCLUDING STATEMENTS

Malaria is the cause of a serious public health issue
globally; 500 million cases are reported anually, and 2.5
million people die of this disease annually (30). The malarial
parasites of the genus Plasmodium and its vector, A. gambiae,
have extremely high demands for the Trx system because
of high rates of production of reactive oxygen species.
Structural and mechanistic differences among TrxRs from
humans and from A. gambiae and P. falciparum have been
observed (9, 12, 13, 31). Specifically, in this study, we have
discovered that Glu-469” in DmTrxR is less sensitive to the
effects of mutation than the analogous Glu-514" from P.
falciparum 1is. We hope that the recognition of these
differences may aid in the development of differential
inhibitors more specific for TrxR from the parasites. Thus,
similar studies should be extended to the human enzyme.

The thiolate—imidazolium—carboxlate catalytic triad is
conserved in the enzymes of the family of pyridine nucle-
otide-disulfide oxidoreductases, and the glutamate-histidine
dyad has been shown to act as an acid—base catalyst (/13—15,
22, 24, 25). Indeed, the function of the histidine residue in
TrxRs has been studied, and this amino acid residue is crucial
to catalysis (/2, 13). However, the role of the glutamate
residue in the thioredoxin reductase family had not been fully
addressed (/3—15). This led us to explore the role of the
glutamate residue in the catalysis of DmTrxR.

Examination of the sequence alignments shows that only
TrxRs from dipteran insects have two adjacent glutamate
residues (Glu-469” and Glu-470" in DmTrxR), both of which
could potentially be involved in the catalysis (Figure S1 of
the Supporting Information). Our data showed that Glu-469’
is more important than Glu-470" in the catalysis of DmTrxR.
It was of interest to study the biochemical properties of the
glutamate variants utilizing both polar and apolar replacement
residues for Glu-469’, the homologous glutamate.

The two glutamate variants of Glu-469” lost only ~70%
of their activity, suggesting that this glutamate residue is

Biochemistry, Vol. 47, No. 48, 2008 12775

important but not critical to the catalysis of DmTrxR. The
short distance between His-464” and Glu-469” shows that a
hydrogen bond exists between these two amino acid residues;
formation of a LBHB is possible during the catalysis of
DmTrxR if the pK, values of these two residues match, which
has been observed with the serine proteases (16, 32). The
Vinax versus pH profile shows that the mutation of Glu-469’
causes a decrease in the basicity of His-464" in a complex
of the enzyme with DmTrx-2.

The rates of the three phases of the reductive half-reaction
were inhibited in both glutamate variants. The second phase,
associated with reduction of the N-terminal disulfide by
FADH™, and the third phase, associated in part with
dithiol—disulfide interchange, were significantly slower in
both glutamate variants. The inhibitory effects due to the
mutation of Glu-469” on the second and third phases were
smaller at higher pH values in E469’A DmTrxR, as one
would expect because the formation of thiolate anion is
favored at higher pH values.

The data from this study strongly indicate that the function
of Glu-469’ is to enhance the basicity of His-464’, perhaps
by facilitating its orientation toward Cys-57.
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