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ABSTRACT. Thioredoxin reductase fromrosophila melanogastédDmTrxR) catalyzes the reversible transfer

of reducing equivalents between NADPH and thioredoxin (Trx), a small protein that is involved in a
wide variety of biological redox processes. The catalysis involves three essential redox states of the
enzyme: the oxidized form of DmTrxR (B, the 2-electron-reduced forms (EHand the 4-electron-
reduced forms (Ek). In the present work, the macroscopic redox potentials fEE, and EH/EH,4
couples were determined to b&272 4+ 5 mV for En(Eo/EH2) and—298 + 11 mV for En(EH2/EH,4) on

the basis of redox equilibria between DmTrxR and NADH. The valueEg(EH./EH4) obtained from

the steady-state kinetics of the TrxR-catalyzed reaction between NADPHDantklanogastefrx-2
(DmTrx-2) was reasonably consistent with that based on redox equilibria. The redox potential of the
Trx-(Sk/Trx-(SH), couple fromD. melanogasteifrx-2 (DmTrx-2) was calculated to be275.4+ 0.3

mV by using the Nernst equation and g, for the equilibrium of the reaction involving NADP/NADPH

and Trx-(S) Trx-(SH),. For the accurate determination of tig, an improved protocol has been developed

to minimize errors that can be introduced by using starting concentrations far from equilibrium of the
TrxR-catalyzed reaction between NADPH and Trx. This improved approach gives ah —284.2 +

1.0 mV for Escherichia coliTrx and —271.94+ 0.4 mV for Plasmodium falciparunTrx, which agree

well with published values<{283 or —285 mV and—270 mV, respectively). The redox potentials
determined herein provide further direct evidence for the proposed catalytic mechanism of DmTrxR, and
cast new light on the essential role of the DmTrx system in cycling GSSG/GSH and maintaining the
intracellular redox homeostasis h melanogastewhere glutathione reductase is absent.

Thioredoxin reductases (Tr¥Roelong to the superfamily  pates in a number of processes of physiological significance,
of homodimeric FAD-disulfide oxidoreductases that catalyze such as antioxidant defense, DNA synthesis/repair, redox-
the transfer of electrons between pyridine nucleotides andsignaling regulation, and apoptosié, (5). In Drosophila
disulfide/dithiol compounds using an FAD cofactor and one melanogasterwhich does not have a genuine glutathione
or more redox active disulfidesl). This family, which reductase, the Trx-system is especially important because,
includes glutathione reductase, plays essential roles inin addition to its normal roles, it recycles GSS& B).

maintaining intracellular redox homeostasis and in protecting A model for the catalytic mechanism of TrxR frob.
organisms from oxidative damage. Reduced thioredoxin, Trx- mejanogaster(DmTrxR) (Scheme 1) shows the path of
(SH), produced in the reaction catalyzed by TrxR, partici- gjectron flow from NADPH to FAD, from the reduced flavin
to the N-terminal disulfide (Cy$Cys?) adjacent to the
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thioredoxin reductase; DmTrxR, thioredoxin reductase fnosophila reduced forms (Eb) prior to catalysis, and is further reduced
melanogasterDmTrx-2, Drosophila melanogastehioredoxin-2; Ec- by a second equivalent of NADPH to form 4-electron-

Trx, thioredoxin fromE. coli; PfTrx, thioredoxin fromPlasmodium : ; : :
falciparum Eoy, oxidized TrxR; EH, the two-electron-reduced form reduced forms (EH du”ng CataIySIS‘ The Catalytlc CyCIe n

of TrxR; EHs, the four-electron-reduced form of TrxR; Trx-¢S)  Scheme 1 shows where the oxidizing substrate, thioredoxin-2
oxidized thioredoxin; Trx-(SH) reduced thioredoxin; CTC, charge- ~from D. melanogasteDmTrx-2), a small protein o,

transfer complex;En, the midpoint redox potentialEy, the redox 12,000 having one redox active disulfigidithiol in the
potential of the redox equilibrium systent§q, equilibrium constant; ’

GSH, glutathione: GSSG:; glutathione disulfide; THP, tris(hydroxypro- Nighly consgrved 'WCGP_C' motif, interac_ts with Trx8 (
pyl)phosphine. The N-terminal active thiol of DmTrx-2 is known to be
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Scheme 1: A Schematic Diagram of the Catalytic Cycle of DmTrxR and Its Participation in GSSG Retycling
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aMC, Michaelis complex. Activation of the enzyme by NADPH precedes catalysis (steps 1, 3, and 5).

t

exposed to solvent, and it can carry out a nucleophilic attack on the basis of the redox potentials determined here and the
on disulfide substrates such as GSSG, ribonucleotide reduc-structural information available in literature.

tase, and methionine sulfoxide reductaéeX, 10.
) o . MATERIALS AND METHODS
DmTrxR-mediated catalysis, in essence, is the electron

transfer process from NADPH to DmTrx-2, and the change ~ ChemicalsNi-NTA agarose for purification of His-tagged
in Gibbs free energyXG) for each of the redox reactions Proteins was from QIAGEN. NADPH, NADP, NADH,

in this process is highly dependent on the redox potential S€Phadex G-25 resin, Ellman’s reagent (Si#hio-bis(2-
difference (AEy) between the related redox coupleed = nltrob'enzmc a_C|d)), and'sodlur_n borohydride (NaBWere'
—NFAEy, wheren is the number of electrons, arfd is supplied by Sigma-Aldrich. Tris(hydroxypropyl)phosphine
Faraday constant). Knowledge of the driving forces of (THP) was purchased from Calbiochem. All other chemicals

L . and reagents were from Fisher Scientific unless stated.
electron tra.msfer[(Em)'ls important to our uqderstandlng of Preparation of His-Tagged TrxR and Trilis-tagged
the catalytic mechanism of DmTrxR and its essential role
. . . DmTrxR (pQE-30/dmtrxr) and DmTrx-2 (pQE-30/dmtrx-2)
in redox regulation/homeostasis [lh melanogasterin the

¢ K h d th q tential fWere overexpressed . coli NovaBlue (Novagen, Inc.) as
present work, we have measured the redox potentials olyq gy jpeq previously6( 9). Trx and TrxR fromE. coli

DmTrxR by redox titrations and steady-state kinetics method. (EcTrx and EcTrxR) and fronP. falciparum (PfTrx and

An improved approach was developed to determine the peryyR) were expressed and purified as previously described
equilibrium constantieq) fo_r the reactlons_ between NADPH (13, 14. SDS-PAGE (15% gel) showed single bands at the
and DmTrx-2, where an important achievement was made gxpected sizes of approximately 12 kDa for Trx and 55 kDa
to minimize the errors that can be introduced by traditional for TrxR. Thioredoxins were reduced as described by Aslund
methods. Redo.x potentials of DmTrx-2 were calculated fr_om etal. (L5, 16 but using tris(hydroxypropyl)phosphine (THP)
theKeqvalue using the Nernst equation. The redox potentials rather than dithiothreitol because it is more effective in
of thioredoxins fromEscherichia coliand Plasmodium  reducing protein disulfide bond47). Ellman’s reagent was
falciparumwere determined by this improved approach and used to check the quality of reduced proteifs Buffers
showed excellent agreement with the published values. Thewere degassed and purged with argon and used for generation
reactivity of GSSG with the Trx system, which includes of reduced proteins, redox titrations, and steady-state kinetics
thioredoxin reductase, thioredoxin, and NADPH, is discussed studies.



Redox Potentials of the DmTrx System

Molar Extinction CoefficientTo enable accurate assays
of the concentration of DmTrx-2, we determined its extinc-
tion coefficient at 278 nm where it shows maximum
absorbancel, 19. Briefly, six aliquots were taken from a
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at 462 and 540 nm (see Results and Discussion for the
detailed quantification). The equilibrium constants of the
reaction Ex + NADH < EH, + NAD were obtained using

eq 1, and those of the reaction EH NADH < EH, +

purified DmTrx-2 sample. The absorbance values at 278 nmNAD were obtained using eq 2.

(Az7g) of three of the samples were measured, giving an
average Ay7s of 0.381. The other three samples were
submitted for amino acid analysi&Q, 21, and an average
concentration of 52.0%M was calculated based on the
molecular weight of 13 kDa9). On the basis of these
measurements, the extinction coefficient of DmTrx-2 was
calculated to be 7320 M cm™; a value of 7879 M cm™!
was calculated using the individual extinction coefficients
of the spectrally active amino acid&§, 22, 23, and this

) _INADLJE
eQ.E,/EHNADINADH ™ [N ADH] edEoxleq @
) _ [NAD] JEH ¢, 5
eq,EH/EH, NAD/NADH — [NADH] e(IEHz]eq @)

According to the Nernst principle, when a redox reaction
reaches equilibrium, all redox couples in the system will be

value is in reasonable agreement with the experimentally poised at an identical potentidk, Equation 3 gives the

determined value. The concentrationsPoffalciparumTrx
andE. coli Trx were determined from their absorbance at
280 nm using extinction coefficients of 11,700 Mcm™?
(13) and 13,700 M* cm* (21), respectively. Since reduction
of thioredoxins by NaBH (6) did not lead to significant

Nernst relationship for the two-electron reduction of the
enzyme (B/EH,) by NADH, and eq 4 restates the relation-
ship in terms of the equilibrium constarfe, A similar
relationship is given for the reaction of the EHH, couple

with the NAD/NADH couple in eq 5. In the calculation of

changes in the absorbance at 280 nm, the concentration othe redox potentials of the ZEH, and EH/EH, couples
reduced thioredoxin was determined using the extinction using eqs 4 and 5, the NAD/NADH redox coupl(=

coefficient of the corresponding oxidized thioredoxin; these

—315 mV, at pH 7.0, 25C) is from refs11 and 12. All

concentrations were further confirmed using Ellman’s reagent redox potential determinations were carried out at pH 7, and

(6). The concentrations of DmTrxR, PfTrxR, and EcTrxR
were measured at 462 nnayd, = 11,900 Mt cm™Y) (6),
460 nm €460 = 11,300 Mt cm™1) (24), and 456 nMm 56—
11,300 Mt cm™Y) (25), respectively.

The concentration of NADPH was calculated from its

absorbance at 340 nm, using a molar extinction coefficient

of 6200 M* cm™ (21). Two values for the extinction
coefficient of NADP at 260 nm, i.e., 15,300 Mcm™ (26)

and 18,000 M*cm™ (27), have been reported; we employed
a glucose-6-phosphate dehydrogenase ag8xyo(determine
e260nappand obtained a value of 18,800 #cm 2, and this
was used to quantify NADP. The concentrations of GSSG
solutions were quantified from their absorbance at
248 nm using an extinction coefficient of 382 Mcm 1
(29).

Macroscopic Redox Potentials of DmTrxRhe redox
potentials of DmTrxR were determined by redox titrations
(11, 12 and steady-state kinetics#q, 50. For redox
titrations, NADH instead of NADPH was used as the titrant
to avoid binding effects of NADP(H) on the measurements
of the redox potential. DmTrxR (222 uM) in 0.1 M
potassium phosphate buffer, 0.3 mM EDTA, pH 7.0, was

the values reported are given as at pH 7.

RT. [NAD]
En = Emnaomaon 1IN [NTH]e:q B
RT [on]eq
Em,Eux/EHz + nF In [EHz]eq ©
NAD] .JEH

Eme /en, = Emnaomaon T Eln M

e, , NF " [NADH] o JEq]e.
RT

In Keg, g, /EH, NADINADH
(4)
[NAD] . JEH
Emeryen, = Emnaomaon T R n A=l deq
EfJEH, = Em, NF "' [NADH] oJEH,l.q

RT
—= In Keg Enyen, NADINADH
nF a.ER/ER,,

(5)

Steady-state kinetics methods, as have been described
previously @9, 50, were also used to measure Been,en,

=E +
m,NADINADH T 11 E

= Ennaomaon T

contained in a cuvette having a syringe port and a stopcock;of the DmTrxR-catalyzed reactions. All measurements were
the solution was made anaerobic using alternating cycles ofcarried out in 0.1 M potassium phosphate buffer, 0.3 mM
vacuum and argon. A separate solution of NADH containing EDTA, pH 7.0, 25°C. When DmTrx-2 (3.572 uM) was
either 1 equiv/20uL or 1 equiv/50uL was also made the electron acceptor, reaction rates were monitored by the
anaerobic by flushing with high purity argon for 30 min. A decrease i\40 due to the oxidation of NADPH (1:5100
gastight Hamilton syringe was used to dispense the anaerobia:M); in the reverse direction, where NADP 350 uM)
solution of NADH into the enzyme solution, and the mixture was the electron acceptor, the increaseAuso due to
was allowed to equilibrate at 2& between additions. From  reduction of NADP in the presence of Trx-(SH(3.5—
spectra recorded between 300 and 800 nm, equilibration was’2 uM) was monitored. A constant level of Trx-(SHyas
ascertained by following the absorbance at 462 and 540 nmmaintained by including 8 mM DTT in the buffed9). In
(ideal wavelengths respectively for observation of FAD the case of the NADHt Trx-(S) < NAD + Trx-(SH),
reduction and formation of the thiolate-FAD charge-transfer reaction, the concentrations of DmTrx-2 ranged from 3.5 to
complexes of ER or EH,) until no further changes could 72 uM, and those of NADH and NAD were 50 to 6Q0V

be detected. At equilibrium, &£ was quantified by the and 0.2 mM to 6.0 mM, respectively. Direct reductions of
absorbance at 462 nM\{s,); EH, and EH, were quantified NADP or NAD by TrxR in the presence of 8 mM DTT but
by bothAAss; and AAsyo using the correspondingye values without Trx-(S) were recorded for background correction;
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the contributions of DTT to the initial rates of NADP addition of reagents caused less than 0.5% changes to the
reduction were found to be no more than 12%, and thosetotal volume of the reaction mixture.

for NAD reduction were no more than 8% of those in the

presence of Trx-2. The steady-state kinetic parameterRE‘Q"ULTS AND DISCUSSION
kel Km represents the apparent second-order rate constant of Redox Potentials of DmTrxRhe function of DmTrxR is

the reaction of substrate with the free enzyme. Using the to transfer electrons from NADPH to Trx-(SYo understand
Haldane equation, the equilibrium constants can be calcu-how DmTrxR catalyzes the reduction of thioredoxin and
lated, and the redox potential of the enzyme is then calculatedparticipates in the GSSG-cycling process, it is essential to
with the Nernst equatiord9, 50. The results obtained by  resolve the relationships between the catalytic properties and
this method are expected to reinforce the results obtainedthe redox properties. The macroscopic redox potentials of

by redox titrations in which EFHand EH, share considerable
spectral similarities, and are therefore difficult to quantita-
tively evaluate.

Improved Methodology for the Determination of§§) and
Redox Potentials of TrX(sDmTrxR catalyzes the reversible
reaction between NADPH and DmTrx as described by eq 6.

+ DmTrxR

NADP" +
DmTrx-(SH), (6)

DmTrx-(S), + NADPH + H

Starting with solutions containing various initial ratios of
the reactants, [NADP][Trx-(SHY[NADPH][Trx-(S),], a
small volume of TrxR was added to permit the approach to

equilibrium, and this reaction was followed by the absorbance
changes at 340 nm that were due to the consumption or

generation of NADPH. Concentrations of each of the
reactants at equilibrium could be calculated using the
stoichiometry of eq 6 to yiel&eq Details of the method are
described more fully in Results and Discussion. The redox
potentials were calculated from th€.q values using the
Nernst equation. The redox potential of the NADP/NADPH
couple was taken as327 mV for the experiments reported
here at ionic strength 0.282 and pH 73D). Although the

measurements were carried out under aerobic conditions,
control experiments under an argon atmosphere gave result

that were identical, within experimental error. All tii,

values reported represent the average of at least two

independent experiments. The working buffer was 0.1 M
potassium phosphate, 0.3 mM EDTA, pH 7.0; NADPH
solutions were made in 10 mM unneutralized Tig)(

Reactvity of the DmTrx System with Glutathiong&o
develop a comprehensive picture of the reactivity of GSSG

the BE«EH, and EH/EH, couples are particularly relevant
because they are the major functional intermediates of
DmTrxR in catalysis. As described above and shown in
Scheme 1, the reducing equivalents in the BRtd EH, forms
of the enzyme can reside on the flavin, or either of the two
cysteine pairs, depending on their relative redox potentials.
This leads to several forms of EHnamely, EH*, EH.B
EH,® and EHP, and to two forms of Ei namely, EHR*
and EHB, which are elaborated in Scheme 1. Thus, the
macroscopic redox potentials involve several species.
Rapid-reaction data from a previous study demonstrated
that the reactions of 1 equiv of NADPH with wild-type
DmTrxR or with the C-terminal mutants, C489S, C490S, or
C489S/C490S, gave very similar kinetic profiles consisting
of two phases (96120 s* for flavin reduction by NADPH
to form EHA, and 49 s! as the nascent FADHreduced
the N-terminal disulfide to form Ef) (6). The reactions
with 2, 3, and 5 equiv of NADPH clearly led to a third phase
(21 s'Y) for wild-type DmTrxR, but not for the mutants. This
third phase corresponded to the reaction of a second
equivalent of NADPH with El, driving the system through
EH.P as dithiol-disulfide exchange from the N-terminal
dithiol to the C-terminal disulfide (on the other subunit)
occurs, and forming EKl primarily in the form of EHB
(Scheme 1). Therefore, less than 1 equiv of NADPH will
ainly convert k4 to EH,, and additional NADPH converts
H, to EH, (6). As shown in Figure 1, titration of DmTrxR
with NADH (a nonphysiological substrate with little tendency
to bind) caused a decrease in the absorbance at 46243 (
and an increase at 540 nisgg). The AAsq; corresponds to
the reduction of FAD in DmTrxR, while thAAs,indicates
the formation of a thiolate FAD charge-transfer complex
(CTC) (6, 11, 12. Correlating these spectral changes to the
model of the catalytic mechanism of DmTrxR in Scheme 1

with the DmTrx system, we Compared three different assays (6), EH,B, the Charge-transfer Comp|eX, appears to be the

(2, 13, 3. (i) Anaerobic titration to study the direct reaction
between GSSG and reduced DmTrxR (EHEH, (22 uM)
was prepared with NaBH(6), and the titration by GSSG

predominant species among the fourfsbforms, and ELF
is the major species of the two Ehsoforms. TheAAss;
and AAs4 observed during reduction reactions were used

was carried out in the same way as described above for thesfor quantifying E,, EH,, and EH, from which Keq and En,

titration of Ex with NADPH. The titration was also
performed with a catalytic amount of DmTrx-2 (OuaV)
included to test if it was required for the coupling of GSSG
to EH,. (ii) The kinetics of GSSG reduction by NADPH
catalyzed by DmTrxR to study the function of DmTrx-2 to
shuttle electrons: The reaction between GSSG (MBand
NADPH (108uM) was observed at 340 nm in the presence
of 1.1 or 22uM DmTrx-2 and 0.1 M potassium phosphate
(pH 7.0, 25°C); DmTrxR was added to a final concentration
of 8.0 nM to start the reaction. (iii) This assay was carried

can be calculated. The titration of DmTrxR with NADH
shown in Figure 1A demonstrates four isosbestic points (360,
398, 440, and 505 nm) as the enzyme converts from the
oxidized to its EH forms; theAseo Of spectrum 5 reflects
the accumulation of unreacted NADH. During the titration
of DmTrxR with 0—10 eq NADH, we observed three distinct
phases. In the plot dfs40vs NADH, the slope is 0.004 from

0 to 1 equiv, and 0.022 between 1 and 2 equiv (Figure 1B).
From 2 to 10 equiv, the slope is 0.0497, essentially the same
as when NADH was added to phosphate buffer in the same

out exactly as was assay (i) except that the GSSG was notway (slope = 0.0501). Therefore, in the titration the

added until the reaction between NADPH and DmTrx-2 had
come to equilibrium. In assays (ii) and (iii), the second

conversion of EHto EH, by NADH is still considerable up
to 2 equiv of NADH after the breakpoint at 1 equiv.
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For the 2-electron reduction reaction (eq 7), egd 8 were

applied to approximate the concentration of each species at

equilibrium.
E.x T NADH <= EH, + NAD )
Ass00bs ™ A360,Enx
[NADH] gq=————— ®)
360,NADH
A5400bs_A54O,I§)X A462,|_=0x ~ Ays20bs
[EHZ]eq = A A
€540,EH/E,, €462, EH/E,,

©)
[NAD] oq= [EHq (10)
[on]eq = [E]total o [EHZ]eq (11)

For the reduction to the 4-electron state (eq 12), egslB3

were applied to approximate the concentration of each

species at the equilibrium.

EH, + NADH <= EH, + NAD (12)
Asgoops ™ A360,E|-5
[NADH] q— (13)
€360,NADH
As400bs ™ A540,EI-§ A462,E|—§ — Ass20ps
[EHjleq= A or —
€540EH,/EH, €462EH /EH,
[NAD] eq = [E]total + [EH4]eq (15)
[EHZ]eq = [E]total - [EH4]eq (16)

Throughout the above equationsgonapn = 4.1 x 10
M~ cm™; Aésaoerye, iS the extinction change at 540 nm
from Ex to EH, (2.7 x 10° M~ cm™2), and A€sez erpe,, IS
the extinction change at 462 nm frongiEo EH, (2.4 x 1C°
M~ cm™1); Aesaoenyen, IS the extinction change at 540 nm
from EH, to EH, (4.0 x 10* M~ cm™), andAeas enyen, iS
the extinction change at 462 nm from Ekb EH, (4.2 x
1 M~1cm™?) (see Figure 1B and Materials and Methods).
Ass0,EHpy Asa0,EH, aNdAuss ey represent the absorbance of the
titration mixture at 360, 540, and 462 nm, respectively, when
1.0 equiv of NADH had reacted (quantitatively). Table 1
gives the redox potentials of the,HEH, and EH/EH,

couples calculated from data obtained at different wave-

lengths using egs 1 and 2 to calcul&ig, and the Nernst eq
3 to calculateée,. There is no significant statistical difference
between the two group valuep ¢ 0.01 byt test). These
two parallel assays gave an average value ®72 mV for
Em g, /en, and —298 mV for En, gnyen,, With standard devia-
tions of 5 and 11 mV, respectively.

Because Ekland EH, have very similar spectra (Figure
1A), the measurement &, en/en, did not have the accuracy
achieved in the determination Bf, g, /en,; therefore, we used
a nonspectroscopic method to confirm this value. According
to the Haldane relationship, the ratio of bimolecular rate
constants of the forward direction to those of the back
direction will give the equilibrium constanK¢f?) of a
reaction. For the reductive half-reaction, NADRHDMTrxRox
<= NADP + DmTrxReq the KPP can be calculated as the
ratio of thek.o/K, for the forward reaction to that for reverse
reaction; for the oxidative half-reaction DmTrx-(S)
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FiGure 1: The titration of DmTrxR with NADH. The titration was
conducted anaerobically at 2&, in 0.1 M phosphate buffer, pH
7.0. DmTrxR was at a final concentration of 2®81. (A) Spectra

1-5 were taken for the enzyme when 0, 0.3, 0.7, 1.0, and 2.0 equiv
of NADH were used for titration. Spectral changes were complete
in less 10 min, and no further change in the spectrum was observed
in 2 h. (B) The typical changes in absorbance at 462 fp 860

nm (a), and 540 nm@{) during the titration with NADH.

Table 1: The Macroscopic Redox Potentials (mV) of DmTrxR
Measured by Redox Titration with NADH at pH 7.0, 26 (n = 4)

measurement Em,e,/EH, Em EH/EH,
based ozsp andAsao —273+2 —296+ 8
based o\zsp andAyez —271+7 —299+ 17
average —272+5 —298+ 11

—293+ 152 —2904+ 8°

2 The redox potential determined in this work by steady-state kinetics
of DmTrxR-catalyzed reaction, NADPH Trx-(S), < NADP + Trx-
(SH).. The average was taken 6803 mV and—282 mV as shown in
Table 2. The redox potential determined in this work by steady-state
kinetics of DmTrxR-catalyzed reaction, NADH Trx-(S), < NAD +
Trx-(SH). The average was taken 6284 mV and—295 mV as shown
in Table 2.

DMTrxReq = DMTrx-(SH) + DmTrxR,y, theKefPPcan be
calculated similarly as the ratio of the./Kn, value for the
reaction in one direction to that for the reaction in the other
direction @9, 50. It is essential to note that these relation-
ships hold only when [Sk K, and therefore [Ele ~ [Eliotal
(51). It has been shown that the enzyme cycles in catalysis
between EH and EH (6, 49, 50; it is reasonable to
approximatekea, Km, andkeo/Kn, from the enzyme-catalyzed
steady-state reaction between NADPH and DmTrx-(8)
from that between DmTrx-(SH)and NADP. TheK®PP
values obtained in this way are thus the equilibrium constant
of the reaction of NADPH with ERH(NADPH + EH, <
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Table 2: The Determination d&m enyen, by Steady-State Kinetiés
NADPH + Trx-(S), < NADP + Trx-(SH),

NADPH  NADP  Tr(Sp  Trx-(SH)
Km (uM) 3.7+£0.3 9.4+ 0.2 5.7+0.6 3.6t 0.5
Keat (Min2) 1243+ 21 481+24 1243+21 481+24
Keal Km (Min~t 341+ 28 51+ 1 2194+ 24 137+ 18
UM~
KePP 6.7+ 0.7 0.63+ 0.04
Em,EI—h/EHA (mV) —-303+ 1 —282+1
—301+£ 3 —2814+ 1¢°
NADH + Trx-(S), = NAD + Trx-(SH),
NADH NAD  Trx(S),  Trx-(SH)

Km (MM) 0.22+0.04 11.7+£0.04 80+1.F 86+15

Keat (Min~2) 17.1+ 0.3 86.2+-0.8 17.1+0.3 86.2+-0.8

KealKm (Min™t 81+ 13 7.4+ 0.7 22404 10.3+1.8
mM~1)

KePP 114+ 2 4.7+0.3

E|-|-|,E|-|2/E|-|4 (mV) —284+ 2 —295+ 3

a Experimental conditions are described in Materials and Methods.
b The redox potentials of E#EH, for rat TrxR determined by steady-
state kinetics with NADPH an@. reinhardtii Trx as the substrates at
pH 7.0, 25°C (49). The authors of ref 49 obtained a redox potential of
—294 mV with a reference potential for NADPH ef320 mV rather
than—327 mV @0). The value here is recalculated using27 mV as
the reference potential for NADPH.The unit of Ky, is uM for Trx-
(S) and Trx-(SH). 4 The unit of kea/Km is min~ uM =1 for Trx-(S)
and Trx-(SH).

NADP + EHy), or of the reaction of DmTrx-($)with EH,4
(DMTrx-(S)y + EHy < DMTrx-(SH), + EHy), respectively.
The value oK £PPwill then yield the redox potential of the
EH./EH, couple because it is directly related to the difference
(AEm) betweerEy supstratednd theEm enyen,. This relationship

is shown in eq 17, which was derived from eq 5 for the
reaction between E}EH, and NADP/NADPH; the relation-
ship also holds for the reaction between J#H#H, and
DmTrx-(Sy/DmTrx-(SH).

AE,

m = Emenyen, ~ EmnapprinaDp

_RT, [NADPIJEH
nF " [NADPH]JEH,].q
RT

= In Keq,EI-yEH‘l,NADP/NADPH
7)

Both NADPH and NADH were used as reducing sub-

Cheng et al.

catalyzed reaction, NADPH- Trx-(S), < NADP + Trx-
(SH),, gave anEqy(EH/EH,) of —303 mV with NADP/
NADPH as the redox reference, art282 mV with Trx-
(S)/Trx-(SH). A similar phenomenon was observed in the
case of rat TrxR49), where NADPH andChlamydomonas
reinhardtii Trx were used as the substrates and redox
references. Substrate/product inhibition is very likely one
cause of this phenomenodq, 52. Mixed inhibition by
NADP has been reported for rat TrxR and indeed is a
characteristic of ping-pong reactions; the competitive binding
of NADP (vs NADPH) to TrxR 49) and the resultant
reoxidation of EH to EH, by NADP after its binding may
account for the mixed inhibition (N. Cenas personal com-
munication). In addition, the binding of NADP to the several
isoforms of reduced enzyme (ZH EH.B, EH,C, EH.P, EHA,

and EHB) may not be identical; thus, the differential binding
properties of NADP could also lead to a shift in the
equilibrium between EHand EH,. This kind of inhibition
will affect the initial rate of the TrxR-catalyzed reactions
between Trx and NAD(P)H, from which the ratio kf/Km
and Emgnyen, Were obtained. Furthermore,Emust be
reduced to EHRl prior to catalysis; the velocities of this
reaction will be different depending on the reductant (Trx-
(SH), NADH, or NADPH). These differences could influ-
ence the observed initial rates of the DmTrxR catalyzed
reactions between NAD(P)H and Trx-gSAgain, because
bothk.,:andK,, were obtained from the initial phases of the
TrxR-catalyzed reactions, any deviation in the initial step
of Eox — EH, would cause the deviation iKe"P measure-
ments ancEnm enyen, calculations.

The redox potential of the NADP/NADPH couple was
reported as-327 mV 30), considerably more negative than
that of BW/EH, (—272 mV), so that the formation of BHis
greatly favored. On the other hand, the redox potential of
EH,/EH, (~—298 mV) is closer to that of NADP/NADPH,
indicating aKeq,eryer, nappnaper OF 9.5 (according to eq 2),

a value reasonably near that determined, 6.7 (Table 2). The
differences in potentials of these redox couples appear to be
correlated with their reactivities. Th&E,, for Eq/EH; vs
NADP/NADPH is 55 mV, whereas thAE,, for EH,/EH,

vs NADP/NADPH is 29 mV. Consistent with this, the
reaction of NADPH with By (95—120 s!) is considerably
faster than the reaction of NADPH with BH21 s%) (6).

The redox potential for the E#EHs couple was assumed

to be as low as—400 mV ), implying an equilibrium
constant of 3.4x 103 (AE, = —73 mV relative to the

strates, and DmTrx2 was used as the oxidizing substrateNADPH/NADP couple). Thus, the reduction of EHby

(Em = —275.4 mV as determined in the following section).

NADPH is not favored either thermodynamically or by

The parameters obtained from the steady-state kinetics ofextension, kinetically. When NADH was used as a reductant,

the DmTxrR-catalyzed reactions between DmTrx2 and NAD-
(P)H are listed in Table 2, and the redox potential of,EH

where no binding effects should be present, even 10 equiv
of titrant did not induce significant reduction of EKdata

EH, was calculated accordingly. The average values of the not shown), which is consistent with the proposal that EH

redox potentials in both casesZ93+ 15 mV and—290+
8 mV when NADPH and NADH act as the reducing
substrate, respectively) agree fairly well with the redox
potential obtained using spectral titration data298 +
11 mV), (Table 1). Therefore, we believe the results from
both methods are reliabl&y g, /en, and Em gryen, from the
same method (redox titration) will be used in the following
discussion. It should be noted that thg gnyen, Values

is not involved in the catalysis cycle.

Determination of & (Trx). The reaction between oxidized
thioredoxin and NADPH is reversible in the presence of TrxR
(Figure 2). When mixtures containing Trx-eSYrx-(SH),
NADPH, and NADP are allowed to come to equilibrium in
the presence of DmTrxR, changes observed in the NADPH
concentration permit final concentrations of each reactant
to be determined. The equilibrium constaid.d can be

calculated with different redox references give some variation calculated according to the stoichiometry shown in eq 6; the

(Table 2); e.g., the steady-state kinetics of the DmTrxR

proton concentration was omitted in calculationskgf, at
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FiGURE 2: The reversible TrxR-catalyzed reaction between DmTrx-2
and NADPH. Starting with DmTrx-2 (10M) and NADPH
(100uM) in 1 mL of 0.1 M phosphate buffer, 0.3 mM EDTA, pH
7.0, 25°C, the reaction was initiated by addingub of 8.4 uM
DmTrxR, (shown at the first arrow). When the first equilibrium
was established, 10L of NADP* (100 mM) was added (shown
at the second arrow) and a second equilibrium was established.
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Ficure 3: Examples of the improved method to determiug,
Starting with different initial ratios, [NADP][Trx-(SH)/[NADPH]
[Trx-(S).], the reaction was triggered by addingR of TrxR (final
concentratior= 40 nM). (a) When the initial ratio is Keq, reaction

6 proceeds in the forward direction and consumption of NADPH
is observed as a decreaseNflo (b) When the initial ratio is<Ke,

the reaction proceeds in the reverse direction, and NADPH is
produced as indicated by an increasé,. () When the initial

ratio equale, the absorbance at 340 nm does not change, showing
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FIGURE 4: Plot of the change i\, for the reaction to come to
equilibrium vs the initial ratios of reactants. The crossover point
where the change iAz4is zero gives th&qvalue. Shown herein
is the data for determininifeq for DmTrx-2 in 0.1 M potassium
phosphate buffer containing 0.3 mM EDTA at pH 7.0,°25. The
initial ratio of [DMTrx-(SH)J/[DmTrx-(S),] was kept constant at
5. The initial concentrations of NADPH and NADP were varied
systematically to give the ratios of [NADP]/[NADPH] from 7.5 to
16, but the sum of the concentrations of NABPNADPH was
maintained at 22@M. The initial ratios of [NADP][DmTrx-(SH)J/
[NADPH][DmTrx-(S);] ranged from 37.5 to 80 accordingly.

cally varying initial concentrations of the reactants to achieve
a series of ratios that bracket the tig, Thus, absorbance
changes in both directions are observed. The change in
absorbance at 340 nm observed as the reaction comes to
equilibrium is plotted vs the initial ratio of reactants before
adding TrxR, as shown in Figure 4. The data are extrapolated
to provide an estimate of what ratio gives no net change in
absorbance, and this is assumed to be the equilibrium ratio.
To improve the accuracy of this determination, this procedure
can be repeated using a series of ratios that are closer to the
Keq estimated from the first survey. The concentrations of
reactants are chosen to provide limited, but readily observ-
able, net reactions, with ratios of reactants that result in the
reaction approaching equilibrium from each direction (Figure
3). Thus, the final determination avoids using ratios far from
equilibrium.

The initial reactant concentrations have been varied
systematically in two ways. First as shown in Figure 4, the
initial ratio of [DMTrx-(SHY)/[DmTrx-(S),] was kept con-
stant at 5, and the initial concentrations of NADPH and
NADP were changed systematically, but with the initial total

that no net reaction occurs. The arrows indicate where DmTrxR concentration of NADPH- NADP maintained at 22QM.

was added to initiate the reactions.

Alternatively, the initial ratio [NADP])/[NADPH] was kept
constant at 8 and the initial concentrations of DmTrx-(SH)

pH 7.0, the value used in these assays. In principle, measureéind DmTrx-(S) were varied systematically to yield ratios
Keq values should be identical for a given system regardlessof [DmTrx-(SH)]/[DmTrx-(S),] from 5.5 to 8.8 while

of what starting concentrations are used, or from which
directions the reaction approaches equilibrium. Howekigy,
determined from the first equilibrium in Figure 2 is much
lower (3.5+ 0.2) thanK¢q from the second equilibrium
(21.8+ 3.5). The large difference in these values most likely
derives from the initial concentrations in the first case being
far from equilibrium, making the data less reliable. Moreover,
inhibition of TrxR by NADPH 62) and by NADP 49) may
lead to an inaccurate value for.&

We avoided these potential pitfalls of using initial ratios
that are far from equilibrium by applying an approach
analogous to that described previoug$,349 and illustrated
in Figure 3. An estimate dfeq is first obtained by carrying

keeping their total concentration constant aiRQ To obtain

a smooth line such as that shown in Figure 4, the ratio of
one of the reagent pairs should be maintained constant, while
the other is varied, but the sum of their concentrations is
held constant. Otherwise a smooth simple trend is unlikely
to be obtained, and the crossover point will be more difficult
to discern. TheK¢q values were also calculated from each
of the [NADP][Trx-(SHY)/[NADPH][Trx-(S).] ratios mea-
sured at equilibrium from the data in Figure 4. As expected,
because all of the initial conditions used in this plot were
close to theKeq the averageq value from this set agreed
closely with that obtained from the crossover point. The
results in Table 3 demonstrate that the redox potentials

out a series of experiments as shown in Figure 3, systemati-determined here agree well with those reported previously.
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Table 3: Determination of thKeq and E, of Thioredoxins Using 120 A &0

the Improved Approach (at pH 7.0, 25 0.4 °C)
Ked? Em (MV)P
inthiswork  reported in this work reported

DmTrx-2 564+ 1.0 —275.4+0.3

EcTrx  28.2+21 4805 —284.2+ 1.0 —285 @30, 39
—283 (30, 3§

PfTrx  74+£2.4 110+ 10 (13) —271.9+0.4 —270 (L3)

aThe Keq was calculated as the ratio of [NADP][Trx-(S4)
[NADPH][Trx-(S).] when the equilibrium had been established for the o —0—o
reaction NADPH+ Trx-(S), < NADP + Trx-(SH), catalyzed by TrxR. 9.0 § T 10
b E was calculated using the following equatioBy tix = Emnapp +
[(RTY/(nF)](In Keg). The results confirm values reported in the literature 85 +—— . ! — —————+ 05
for the redox potentials of thioredoxins frof. coli and from P. 0 20 40 60 80 100 120
falciparum The value ofg, calculated from thé&eqin ref 35 has been
corrected for temperature from “room temperature,” assumed to be 20
°C, to 25°C (+7 mV). Corrections for the values taken from Moore et 08
al. (35) and from Krause et al3¢) were applied as described by Lennon
and Williams @0), resulting in a redox potential for NADPNADPH 074 ) f
of —327 mV at ionic strength of 0.28. X a

T 35

T 3.0

10.5 - T 25

10.0 - 20

€ 540 (mM'1 cm'1)

& a62(mM ™ em™)

9.5 1 T15

Equivalent GSSG

0.6 4
The reason for the big difference between kagmeasured b

in this work and those reported previously is that the 05 ]
improved methodology overcomes many of the aforemen-
tioned pitfalls, and thus gives more precise results. The
difference between the values I§§, reported in this study
and those reported earlier appears large compared to the 0s
difference inEn values, because the logarithmkaf; is used "o 2 4 & 8 10 12 14 15 18
to calculateEn,. Time {min)

A previous study from this lab indicated that DmTrxS)  Figure5: The reaction of GSSG with the DmTrx system. (A) The
when mixed with NaBHreduced DmTrxR (Ek), led to an dependence of the oxidation of DmTrxR (BH22 uM) on the
increase inAss, (flavin reoxidation) and a concomitant concentration of GSSG. The reactions were detected by the changes

decrease ifss (CTC), but never restored the spectrum of i absorbance at 462 ni®(O) and 540 nm ¢, <), in the presence
fullv oxidized DmMTIXR. even after the addition of 4 equiv (solid symbols) and absence (open symbols) of a catalytic amount
y ! g of DmTrx-2 (0.2uM). Each data point represents the extent of the

of DmTrx-(S) (6). The failure to observe a spectrum of the  reaction 30 min after GSSG addition. (B) The reaction of GSSG
fully oxidized DmTrxR is not surprising if the redox (168uM) with NADPH (108 uM) catalyzed by DmTrxR (8 nM),

potentials of these species (as determined here) are take'm;;‘?nﬁif:;%nget?]fe%g;[;gﬁ (g?b %n/vi_ll_\/r';(g'(?nlﬁﬂ'\/'a)& tThZEﬁE?gtrig\‘N).
Into Co_nS|derat|on. DmTrx-(gPmTrx-(SH) shows a redox subsequent agdition of DmTrx-2 (1.1 or 2) is indicated by ’
potential of —275.4 mV, very close to that of HEH, the second arrow. NADPH oxidation by GSSG was detected by
(—272 mV). The lack of driving force makes the electron the decrease in the absorbance at 340 nm. (c) This assay was carried
transfer very slow between these two redox couples out exactly as was assay b except that the GSSG was not added
(AE, = —3.4 mV) (37), and is likely the main cause of the until the reaction between NADPH and DmTrx-2 had come to
very slow kinetics (the second phase, 0:8 shown in the ~ ©dullibrium (second arrow).
oxidative half-reaction of DmTrxR@). In contrast, a very  even when a 60-fold excess was used; however, in the
fast phase was observed at the beginning of the oxidativepresence of a catalytic amount of DmTrx-2 (@®1), only
half-reaction (140°s"), which corresponds to the reoxidation 10 equiv of GSSG caused a discernible increasgsir(flavin
of EHs by DmTrx-(Sy (AEm = 23 mV). Therefore, the redox  oxidation) with a concomitant decreasecii, (disappearance
potentials determined here clearly give evidence that EH of CTC). This indicates that DmTrxR cannot effectively
and EH are the catalytically active species. Although a tiny utilize GSSG as its direct electron acceptor, but that the added
amount of By and EH might be formed during the reactions  DmTrx-2 (0.2uM) mediates the electron transfer between
of DmTrxR with DmTrx2-(S) or with NADPH, they are EH, and GSSG.
not likely to be major participants in the catalytic cycle. The rate of NADPH oxidation by GSSG was observed in
Reactiity of the DmTrx System with Glutathione. D. the second and third assays. The rate was dependent on the
melanogasteis deficient in glutathione reductase, and it has concentration of DmTrx-2 (Figure 5B); with DmTrx-2 at
been proposed that the Trx system maintains a large valuel.1 uM the rate was 0.7&M/min and at 22uM the rate
for the (GSHYGSSG ratio via a nonenzymatic dithiel was 4.37 uM/min (traces a and b, respectively). This
disulfide interchange between Trx-(SH)hd GSSG (Scheme  confirms the finding that GSSG cannot react directly with
1) (2, 13. To test this proposal, we have used three assaysDmTrxR (Figure 5A); the reaction must be mediated by
to determine how each component of the Trx system interactsDmTrx-2. In the third assay, GSSG was not added until the
with GSSG. Anaerobic titration of Efby GSSG (assay i)  reaction between NADPH and DmTrx-2 had come to
can provide direct information about the electron transfer equilibrium. As expected, when the DmTrxR-catalyzed
between the reduced DmTrxR and GSSG. Figure 5A showsreaction between NADPH and DmTrx-2 reached equilibrium,
that GSSG could not induce significant oxidization of £H addition of GSSG led to further NADPH consumption at an

Asz49
-

0.4 4
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FIGURE 6: A scale showing the relative redox potentials of DmTrx

initial rate (6.08u«M/min) comparable to that induced by
DmTrx-2 (5.13uM/min) as shown in Figure 5B, trace c).
From the results shown in Figure 5, it can be concluded that
GSSG does not interact directly with DmTrxR; DmTrx-2
serves as an electron shuttle between, Ed GSSG
(Scheme 1), thus permitting the reduction of GSSG by
NADPH in this glutathione reductase-deficient insect.

The various redox systems under study here are comparec-g

on a redox scale in Figure 6. It can be seen that in a
thermodynamic sense GSSG should be able to oxidize EH
to EH,. However, a physical barrier must prevent GSSG from
reacting with the C-terminal thiols of DmTrxR. The C-
terminal 16-residue extension found in most highTrxRs
(8, 39 is likely to block GSSG access in TrxR and prevent
it from acting as a glutathione reducta8g During catalysis,
the flexible C-terminus approaches close enough to the
N-terminal redox-active disulfide to promote electron transfer
without steric clashes; after reduction, the C-terminal tail
moves away from the catalytic site to a position at the surface
of the enzyme where it can interact with the bound Trx-
(Sk. This C-terminal tail may prevent access of GSSG to
the nascent N-terminal dithiol by occupying a possible
glutathione-binding site; 8, 13, 3); however, the negative
charges on GSSG may be the major deterrent to its binding.
Nature designates reduced DmTrx2 as the GSSG-cycling
enzyme inD. melanogastecells that lack GR so that redox
homeostasis can be maintained. The fairly negajygalues
of EcTrx, DmTrx, and PfTrx compared to that of GSSG
(Figure 6) support their biochemical functions very well. The
rate constant for DmTrx-2 reducing GSSG is 170"\,
which allows high GSSG fluxes, on the order of 10 to
100uM/min, and produces sufficiently high GSH concentra-
tions in D. melanogastecells to support homeostasig) (
Although PfTrx is slightly more oxidizing than DmTrx and
EcTrx (Figure 6), PfTrx was better able to reduce GSSG
than the other thioredoxinsl8). This enhanced reactivity
should arise at least in part from the favorable electrostatic

R, DmTrx-2, PfTrx, EcTrx, GSSG, and NADPH at pH 70, 25

CONCLUDING REMARKS

This work shows that DmTrxR catalyzes the reversible
transfer of reducing equivalents from NADPH to DmTrx-2.
This process is consistent with the corresponding redox
potentials and is essential for GSSG/GSH cyclingDin
Melanogaster which is deficient in glutathione reductase.
he results of this work are fully consistent with E&nd
H, being the primary enzyme species in catalysis, and lend
strong support to the proposed catalytic mechanism of
DmTrxR and to the essential role of the DmTrx system in
GSSG cycling. The redox potentials determined here indicate
that NADPH can readily reduce,fto EH, and to EH, but
not to EH; on the other hand, DmTrx2-(Stan reoxidize
EH, to EH,, but it cannot reoxidize Efto Eox. GSSG fails
to be a substrate of DmTrxR despite its more positive redox
potential, presumably because it cannot properly access the
TrxR C-terminal thiols. DmTrx-2 is required for interaction
with DmTrxR, and it acts as a good carrier of reducing
equivalents between DmTrxR and GSSG. This accomplishes
GSSG/GSH cycling in the absence of glutathione reductase.

In addition, this work reports an improved approach for
the determination of theK¢q values of TrxR-catalyzed
reactions between Trx and NADPH. This approach ef-
fectively avoids the pitfalls of traditional methods in which
the initial conditions are often far from equilibrium and lead
to greater experimental uncertainty. In addition, it demon-
strates the advantages of varying reagents in a systematic
manner. The improved method was used to determine the
redox potentials of DmTrx, EcTrx, and PfTrx, and gave
results very consistent with the reported values.
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