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ABSTRACT. Thioredoxin reductase is a homodimeric flavoenzyme containing a flavin adenine dinucleotide
(FAD) and a redox-active disulfide in each subunit. Structural work on the enzymeHsafmerichia

coli suggests that thioredoxin reductase exists in two conformations, both of which are necessary for
catalysis [Waksman, G., Krishna, T. S. R., Williams, C. H., Jr., & Kuriyan, J. (1998)ol. Biol. 236
800—-816]. These factors make it likely that the mechanism of this enzyme is complex. The rapid reaction

of enzyme with nicotinamide adenine dinucleotide phosphate, reduced form (NADPH) (the reductive
half-reaction), proceeds in three phases. The first phase represents the formation of an-NAKPH

charge transfer complex. The second phase involves FAD reduction, with loss of the NABYH

charge transfer band. The third phase shows a slower decrease in absorbance at 456 nm and the formation
of a reduced flavinrNADP™ charge transfer band. These and other results indicate that NADE&

NADPH compete for the single binding site on oxidized and fully reduced enzyme and that NADP
release does not limit the third phase of reduction. Experiments that include examination of the reductive
half-reactions of active-site mutants, having the active-site disulfide removed by mutating one or both of
the active-site cysteines, indicate that the third phase does not represent reduction by a second equivalent
of NADPH. Comparison of the rate constants and temperature dependence of the reductive half-reaction
with those of turnover show that the reductive half-reaction is not solely rate-limiting in catalysis. The
results suggest that wild type and each altered enzyme exists in a unique equilibrium of conformers. It
is proposed that the third phase of the reductive half-reaction represents a flavin reduction event largely
limited by the conformational change proposed in the structural work.

Escherichia colithioredoxin reductase (EC 1.6.4.5) is a NADP(H) bound and thus the catalytic cycle is between four-
homodimer whose monomers had = 35300. As a electron-reduced and two-electron-reduced forms of the
member of the pyridine nucleotigelisulfide oxidoreductase  enzyme (Lennon & Williams, 1996). It should be noted the
family, which also includes lipoamide dehydrogenase and thioredoxin reductase from higher eukaryotes is like lipoa-
glutathione reductase, thioredoxin reductase contains onemide dehydrogenase and glutathione reductase in structure
FAD and one redox-active disulfide per monomer (Williams, and mechanism and is distinct from thioredoxin reductase
1992; Moore et al., 1964; Russel & Model, 1988; Zanetti & from E. coli (Arscott et al., 1997).

Williams, 1967). This enzyme catalyzes the reduction of a
M, = 11 700 protein, thioredoxin, by NADPH (Moore et

al., 1964; Holmgren, 1968). During catalysis, electrons are
passed from NADPH to flavin, from reduced flavin to the

The reduction oE. colithioredoxin reductase by NADPH
(termed the reductive half-reaction) has been studied by
stopped-flow spectrophotometry. Massey et al. (1970)
enzyme disulfide, and then from the newly formed enzyme published results of a study qf the reduction of j[hioredoxin
dithiol to the disulfide on thioredoxin (Moore et al., 1964; eductase oby one concentration of NADPH which showed
Russel & Model, 1988; Zanetti & Williams, 1967). Steady- that at 1.5°C and pH 7.6 the enzyme is reduced in three
state kinetic studies have suggested that thioredoxin reductas§t€PS- The first step was originally thought to be the transfer
proceeds via a ping-pong mechanism and that NABRn of one electron from NADPH to the flavin, although this
inhibitor competitive with NADPH (Williams, 1976; Prongay ~ Step is interpreted in the present work as the formation of
et al, 1989). However, other evidence indicates that @ NADPH-FAD charge transfer complex. This step was
thioredoxin reductase actually utilizes a ternary complex complete in the dead time of the stopped-flow instrument.
mechanism (Lennon & Williams, 1995, 1996). In contrast The next two steps proceeded with observed rate constants
to lipoamide dehydrogenase and glutathione reductase thapf 44 s*and 5.2 s*, where the faster step represented flavin
cycle in catalysis between the,fand EH states, enzyme  reduction. The slower step was thought to represent either
monitored turnover shows that the spectrum of thioredoxin the release of NADP from an intermediate form of the
reductase during turnover is that of fully reduced flavin with enzyme or reduction of two-electron-reduced enzyme to four-
electron-reduced (Massey et al., 1970).
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Scheme 1: Early Minimal Mechanism for the Reductive
Half-Reaction of Wild-Type Thioredoxin Reductése
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is slightly modified from Williams et al. (1991) (with permission).

Ficure 1: Comparison of the observed and proposed conformations
of thioredoxin reductase. In the upper panel is a representation of
glutathione reductase, a model member of this enzyme family. In
the lower two panels are representations of thioredoxin reductase.
Note that the orientations of these drawings are such that the FAD
*domains of thioredoxin reductase can be overlaid with those of
glutathione reductase. In the FO conformation of thioredoxin
reductase observed in the crystal structure (lower left panel), the
. . . . enzyme active-site disulfide (black circles) is juxtaposed to accept
midpoint potentials (O’Donnell & Williams, 1983; Lennon  electrons from the isoalloxazine ring of the flavin (fl). The

& Williams, 1996). Thus, partially reduced thioredoxin nicotinamide ring of NADP(H) (nic) is not able to approach the
reductase is a mixture of four species: oxidized enzyme, Qg‘éir?{ ?gdbt:eaigg‘s’gi'sli;e Sisutﬂg?eijog%”e?nS(t"h;hatrg %?Seesa “g&
e”ZV’T‘e. Cont&.“r.]mg redqced flawn.ar_]d a disulfide, enzyme conformation (lower right), t?]/e NADPH domain has FE)eepn rotated
containing oxidized flavin and a dithiol, and fully reduced s that it occupies a position relative to the FAD domain which is
enzyme; no single two-electron-reduced species existSsimilar to that observed in glutathione reductase (cf. the structure
(O’Donnell & Williams, 1983). Taking these factors into  of glutathione reductase in the upper panel). In this conformation,
account, an early view of the minimal steps in the reductive :Eg “;‘X’g”%rg('jd%g”gagisg'gi:g %F?Sl:ﬁ%‘;h }gen'foor‘;”%xcggseig:gg t?f
half—rgactmn 'S,Shown In SChemE,’ 1 (Williams et al., 1991). thioredoxin. Reprinted with permission from Waksman et al. (1994)){
The first step with a rate constaht is very fast. The second  copyright 1994 Academic Press, Inc.
step is FAD reduction, offset by electron equilibration
between the reduced flavin and the disulfide. The third step way for the substrate thioredoxin to gain access to the
involves NADP dissociation from both two-electron- enzyme active-site dithiol or to the flavin directly. We refer
reduced species and was associated with the slow step ofo this structure as the FO conformation because it is the
flavin reduction in the previous study (Massey et al., 1970). conformation in which the reducdthvin can beoxidized
Further reduction following the same set of reactions would by the enzyme disulfide. It was noted that while the
follow. dimerization of thioredoxin reductase was different from the
The second reason the reductive half-reaction is potentially other members of this enzyme family, the interface domain
very complex involves structural features of this enzyme. present in the other members being missing, thioredoxin
For a more detailed explanation of these features, seereductase still shared a three-dimensional homology with the
Waksman et al. (1994). Briefly, in the crystal structures of other family members. The graphics terminal was used to
the wild type and two mutant enzymes, it is not possible to rotate the pyridine nucleotide domain of thioredoxin reduc-
bind pyridine nucleotide to the enzyme such that the tase 66 about the3 sheet that connects it to the FAD domain
nicotinamide ring is in a position to transfer a hydride to (Waksman et al., 1994). This rotation causes the pyridine
the isoalloxazine ring of the flavin. Not only is it too far nucleotide and FAD domains to become juxtaposed as they
from the flavin but also the nicotinamide ring is not parallel are in glutathione reductase, a model member of the family
to the flavin, and the active-site disulfide is blocking its (cf. upper and lower right panels of Figure 1). This
access to the isoalloxazine (Figure 1, lower left panel). Due accomplishes two things. One, the active-site disulfide of
to the buried position of the disulfide, there is also no obvious the enzyme moves out from the interior of the protein and



9466 Biochemistry, Vol. 36, No. 31, 1997 Lennon and Williams

apparently becomes accessible to thioredoxin. By contrast, TrxR(Set3%,Set®¥) were grown inE. coli strain A326

in the FO conformation actually observed in the crystal transformed with pTRR120 and pTRR124, respectively, as
structure, the FAD and the redox-active disulfide are previously described for other thioredoxin reductase mutants
juxtaposed for efficient electron transfer. Two, the nicoti- (Mulrooney & Williams, 1994). These two mutants con-
namide ring of NADP(H) bound to the enzyme moves closer tained an extraneous mutation, that of ®lto Asp. In

to the flavin and b_ecomes parallel to it, a position that is addition, one preparation of wild-type enzyme was grown
favorable for hydride transfer between NADPH and the in strain XL1-B[pTRR201], as previously described for
flavin. Since this hypothetical conformation is favorable for thioredoxin reductase mutants (Mulrooney & Williams,
flavin reduction by NADPH, we refer to it as the FR  1994) and the enzyme from this preparation contained the
conformation. There are no major steric hindrances to the same mutation. The wild-type (E70D) enzyme was used in
rotation modeled incrementally (Waksman et al., 1994). The the reductive half-reaction at°C to obtain long-wavelength
properties of a stable mixed disulfide between thioredoxin ya13 and rapid-scan diode array spectra, and it should be

reductase and thioredoxin indicate that it is held in the FR 464 that several reductive half-reaction experiments with
conformatlon (Wang et al., 1.996): The c_omplex has been true wild-type enzyme produced the same results at 456 nm
crystallized and the structure is being studied (Lennon et al., as the experiment with the wild-type (E70D) enzyme. This
199_7)' ) ) _ ) finding and the fact that the conservative mutation of '&lu
Given this potential for complexity, the reductive half- jies on the surface of the enzyme away from the active site

reaction was reexamined in the current work. Dependenceg nnort the conclusion that the extraneous mutation does not
of the observed rate constants of the three phases of reductiolytfect the enzyme’s reductive half-reaction.

on the concentration of NADPH was studied, as was the .
effect of the presence of added NADPThese results were W',Id type andi all mutant enzymes were prepared as
compared with those from steady-state assays to try toPreviously described (L_enrllon & Williams, 1995, 1996),
identify the rate-limiting step(s) in catalysis. It was suggested €XCept that the Pharmacig &-ADP—Sepharose 4B column
earlier that the third phase of reduction may represent theWas €eluted with a linear gradient o-Q M NaCl over 4
reduction of two-electron-reduced enzyme by a second column volumes, ywth thioredoxin reductase e]utmg at gbout
equivalent of NADPH, since reduction of wild-type thiore- 0-75 M NaCl. Wild-type enzyme was quantitated using a
doxin reductase normally requires the addition of four Value ofessg = 11300 M cm™ (Williams et al., 1967).
electrons-two to reduce the FAD and two to reduce the Mutant enzyme samples were quantitated by extinction
active-site disulfide (Massey et al., 1970; Williams et al., coefficients determined by comparing the absorbance at the
1991). To examine this idea, the reductive half-reaction was flavin peak at~450 nm in the holoenzymes with the
studied using partially reduced wild-type enzyme or using absorbance of the free flavirefo = 11300 M* cm?
site-directed mutants of thioredoxin reductase in which the (Beinert, 1960)] released by the addition of 0.2% SDS or 6
active-site disulfide, which consists of the residues'®ys M guanidinium chloride (work by Donna M. Veine in this
and Cy$3%8 was removed by mutating one or both of the laboratory). The extinction coefficients determined are as
cysteines. In both cases the enzyme would react with only follows: TrxR(Set35,Cys%), e453= 9160 Mt cm™%; TrxR-
1 equiv of NADPH, in contrast to the oxidized wild-type (Cys'®Sef®), eq7= 11 700 Mt cm%; TrxR(Set®®, Sef),
enzyme. The results suggest that the third, slowest phase,so= 11 900 M1 cm™%; TrxR(Alal35Alal39), €45, = 11 300
of the reductive half-reaction is not solely rate-limiting in M- cm™.
f:é%lé't?(')sr{ (;:f;;lggﬁiy'rtn;eg;e;gg;x égﬁg;;&fo?ﬁ?;PH Anaerobiosis. NADPH samples, quantified by absorbance

. = 1 —1
It is instead proposed that the third phase of reduction (€aa = 6220 M* cm™) (Malcolm, 1980) were made
represents a flavin reduction event largely limited by the
conformational change proposed in the structural work.

anaerobic by bubbling for at least 20 min with ultrapure
(99.999%) nitrogen which had been passed oveRa&& D
Separations OT3-4 oxygen trap. To some samplegsh30

MATERIALS AND METHODS protocatechuic acid and 0.04 unit/mL protocatechuate di-
oxygenase were added to remove trace oxygen. The results
Reagents. NADP* (Sigma grade), NADPH (type Ill,  were unchanged whether protocatechuic acid and protocat-

enzymatically reduced), and protocatechuic acid (3,4-dihy- echuate dioxygenase were present in the NADPH samples
droxybenzoic acid) were all purchased from Sigma. Proto- or not. Enzyme samples were made anaerobic in tonometers
catechuate dioxygenase was the generous gift of Dr. Davidas previously described (Lennon & Williams, 1995). In
P. Ballou of the Department of Biological Chemistry, experiments where NADPwas premixed with enzyme, the
University of Michigan. Sodium dithionite was purchased NADP* was placed in a side arm of the tonometer during
from Fluka Chemical Corp. All other reagents and buffers

were of the highest quality available. — . -
. . . . . 1 Abbreviations: TrxR(Sé>Cys%), site-directed mutant of thiore-
Purification of E. coli Thioredoxin ReductasBacteria doxin reductase in which C¥2 has been replaced with a serine; TrxR-
containing wild-type enzyme and TrxR(Cy¥3Set3¥)! were (Cys'® Set39), site-directed mutant of thioredoxin reductase in which
grown in Mueller Hinton broth at 37C as previously Cys'*has been replaced with a serine; TrxR{&8et®), site-directed

. . _ . . . mutant of thioredoxin reductase in which both &and Cy3% have
described using axB™ strain ofE. coli (K1380) containing been replaced by serine; TrxR(Al§Alal®9), site-directed mutant of

a high copy number plasmid which carried either the wild- thioredoxin reductase in which both G§sand Cy43 have been
type enzyme (pTRR1) or TrxR(CY8Set®d mutant (pTRR43)  replaced by alanine;dz, oxidized wild-type enzyme; E(FADH- (S,

i ; . two-electron-reduced wild-type enzyme containing reduced flavin and
gene (Mulrooney & Williams, 1994). Bacteria containing a disulfide; E(FAD)-(SH),, two-electron-reduced wild-type enzyme

TrxR(Set*,Cys%) were grown by previously published containing oxidized flavin and a dithiol; & four-electron-reduced wild-
methods (Prongay et al., 1989). TrxR(AfzAla'®®) and type enzyme.
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anaerobiosis and was mixed with the enzyme once anaero- Steady-State Assay#ssays contained 50 mM sodium/
biosis was complete. potassium phosphate, pH 7.6, 1.5 mM EDTA, and various

Stopped-Flow Spectrophotometrfhe stopped-flow in- concentrations of NADPH and thioredoxin. The reaction
strument and data collection and analysis methods used werdvas started by the addition of 3.4 pmol of enzyme in a 10
described previously (Lennon & Williams, 1995). The #L volume. Total assay volume was 1.0 mL. Assays were
reductive half-reaction with NADPH was studied by placing repeated 34 times at each set of substrate concentrations,
anaerobic oxidized thioredoxin reductase in one syringe and@nd the results were averaged. o
anaerobic NADPH samples in the other syringe. In cases 1he course of the reaction was followed by monitoring
where NADP was added prior to the experiment, it was the decrease in fluorescence of NADPH are5 A Perkin-
included in both the enzyme and NADPH samples to prevent Elmeér MPF-44B fluorescence spectrophotometer with a
dilution of the NADP* during mixing. The two solutions tem_pe_rature-controlled cuvette holder was _used with an
were mixed rapidly, and the reaction was monitored via the excitation wavelength of 340 nm and an emission wavelength

monochromator and the photodiode array. Experiments wereOf 456 nm. Reaction velocities were converted from percent

done in 0.1 M sodium/potassium phosphate, pH 7.6, at either'elative fluorescence per unit time to concentration of
1 or 25°C. Buffer pH values for all experiments were NADPH per unit time by use of a standard curve, which

adjusted at the same temperature at which they were used'/as 9enerated by reading the relative fluorescence of a series
Enzyme concentrations were-39 xM after mixing, and of freshly made N_ADPH_ stock soll_mons accurately quanti-
concentrations of NADPH ranged from 10 to 5281 after tated byAgso Nonlinear flts of velocity versus concentration
mixing. Data were collected by a photodiode array (full of one substrate assuming a rectangular hyperbolic function

spectra taken at 5.42 ms intervals), as well as by observingWere d.°’?e by th? Marquarﬁt_evenberg algorlthm in the
absorbance changes at single wavelengths using a monogurve-flttlng function from SigmaPIot for Windows (Jandel

chromator and a photomultiplier. Due to the greater time Scm;]ntlﬂc, Sap It?_afaelf, t(r:1A) to ob(tjam f)mt aﬁ)par?‘ﬁgx at fitted
resolution of the single-wavelength data, analysis of these aCh concentration of thé second substrate. ese fitte

data yield more accurate observed rate constants than aréesults were plotted in QOubIe—reciprocaI format when neces-
obtained from the photodiode array. Each reaction was S0 to facilitate analysis. Secondary plot3/fk: appversus

repeated 35 times, and the fits resulting from each curve concentration of the second substrate were analyzed in the

observed at the flavin peak were averaged for the final values>ame manner to obtain thé, at saturating conditions for
! both substrates, as well as thg, value for the second
of the observed rate constants. The fitted curves were . ) o
. substrate. As had been done in previous steady-state kinetic
extrapolated back for the-34 ms dead time of the stopped- o ) : .
) . i analyses (Williams, 1976; Prongay et al., 1989), this analysis
flow instrument in order to more accurately determine the

amplitudes of the phases, including the phase occurring in used the velocity equation for a ping-pong mechanism

the dead time. Due to the small changes in absorbance angecause the double-reciprocal plots displayed paralle! lines,
fast rates observed for the first phase of reduction, when although recent work has indicated that a ping-pong mech-

necessary the rate constant for the first phase was fixed Soanlsm IS probably not correct for thioredoxin reductase

that the extrapolated starting absorbance from the fit matched(l'ennon & Williams, 1995, 1996). As was mentioned in
polate g O Lennon and Williams (1995), a ternary complex mechanism
the observed starting absorbance of oxidized enzyme. Note

. can display parallel lines in LineweaveBurk plots given
that in these cases (where the observed rate constants are,tai : L

- ertain assumptions (e.g., Palmer & Massey, 1968). This is
near 1000 s!) the observed rate constants are at the limit of P (e.g y )

because in those cases the steady-state velocity equation for

the experimental technique, anq S0 g.reater uncertainty existsa ternary complex mechanism simplifies to an equation that
regarding these values than is indicated by the standardWiII yield parallel lines in a LineweaverBurk plot. We

deviations. At the longer wavelengths (540 anq 690 nm)_, have assumed that this is the case for thioredoxin reductase.
due to the small absorbance changes and poor signal to nois hus, the values fOvimax andKy, obtained are probably best
ratio, the reaction traces were averaged together and correcte escr,ibed as apparent values

for a_mixing artifact before fitting. Appareiity values were Temperature Dependence of the Rediscialf-Reaction.
obtained from plots of obser\_/ed rate constants VersUS\yiid type enzyme (5:M) was rapidly mixed with 516:M
concentration of NADPH assuming a rectangular hyperbolic \ appH (concentrations after mixing) at 1, 5, 10, 15, and

f“”C“O'T‘ using th(_a Marquardﬂ_evenberg algorlthm in the 20°Cin 0.1 M sodium/potassium phosphate buffer that had
cur_ve-flfmng function from SigmaPIlot for Windows (Jandel been adjusted to pH 7.60 afC. Given that the phosphate
Scientific, San Rafael, CA). buffering system in this range g = 7.20) has aApK4/°C
Kinetic Simulation. The differential equations describing  of —0.0028 (Stoll & Blanchard, 1990), the calculated pH of
the steps leading to the formation and decay of each specieshe reaction at each temperature ranged from 7.59@tt6
in a mechanism of interest were written. These equations7.53 at 20°C. The concentration of NADPH is high enough
were evaluated by a Rung&utta numerical method in  that the observed rate constants should be maximal at all
Program A (developed by Chung-Yen Chiu, Rong Chang, temperatures (see apparéqtvalues in columns 2 and 9 of
Joel Dinverno, and David P. Ballou, University of Michigan). Table 2), and so the data should not reflect a temperature
Using rate constants provided, the program calculates theeffect on the binding of NADPH . Data shown at 25 in
concentration of enzyme species at various time points andFigure 6 were not obtained from this experiment but were
displays an absorbance versus time trace based on the surimstead taken from the reductive half-reaction at %5
of the absorbances of all enzyme species as calculated fronmentioned above, at a concentration of 480 NADPH
extinction coefficients provided. Detailed descriptions of the and pH 7.6. These 25C data were not used in the linear
results of the kinetic simulations can be found in Appendices regression shown in Figure 6 (described below) but were
A and B in the supporting information. included on the plots to determine how closely they fall to
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the theoretical line at 28C as extrapolated from the data
between 1 and 26C. 0.15

Arrhenius plots were done by plotting lokg/{) versus 1T, _
based on the equation log/T) = log (RINh) + AS72.30R
— AH¥/2.30RT, wherek is the observed rate constant for
the process of interest, is the absolute temperatur,is
the gas constanly is Avogadro’s number, anldis Planck’s 0.05
constant (Segel, 1975). The slope of this plot was used to i
obtain the value forAH*. The equationk = (RT/Nh)
e~AGRT was used to calculat&G* from the observed rate
constant at each temperature, and then the equAt@in= 1
AH* — TAS was used to calculatdSf from the values of 0.04 -
AH* and AG* (Segel, 1975). These values fAS are in
good agreement with those obtained from thimtercepts
of the plots of log K/T) versus 1T.

Partial Reduction of Thioredoxin ReductasEor use in
the rapid reaction study of the reductive half-reaction, wild- 0.02
type thioredoxin reductase was partially reduced by 1.4 equiv
of sodium dithionite as previously described (Lennon &
Williams, 1995). As calculated using previously published
methods (O’'Donnell & Williams, 1983), enzyme at the start
of the stopped-flow experiment contained 37% oxidized
flavin, 26% reduced flavin, and a total of 37% one-electron
and three-electron flavin semiquinone species (semiquinone
species on enzyme containing a disulfide or a dithiol,
respectively). Due to the small absorbance values and large
amount of semiquinone formed, only the 456 nm data were 0 +———
useful. In calculating thée,ss per phase in this experiment, 0.001  0.01 0.10 1.0
the concentration of semiquinone was subtracted first, since Time (s)
Semiquinone IS hot an active SPECIes in reactions of NADPH Ficure 2: Changes in absorbance with increasing time in the
with thioredoxin reductase (Zanetti et al., 1968). reductive half-reaction of wild-type thioredoxin reductase at three

wavelengths. Final concentration of enzyme is 1M, pH 7.6, 1
RESULTS °C. Panels A and B and curve 1 in panel C are from a reaction

) _ ] ) ) with a final concentration of 35.6M NADPH. Curve 2 in panel
Reductie Half-Reaction of Wild-Type Thioredoxin Re- Cis from a reaction with a final concentration of 518 NADPH.

ductase. Wild-type thioredoxin reductase was rapidly mixed . .
in the stopped-flow spectrophotometer with various concen- served rate constants indicates that the formation of_ the
trations of NADPH at °C, pH 7.6. The reaction proceeds NADPH—FAD charge transfer species is a separate, first-

in three phases as previously observed (Massey et al., 1970)_0rder event following binding (Strickland et al., 1975). Thus,
. . e
Representative reaction traces are shown in Figure 2. The€d 1 represents the most likely mechanism. The species *E

rate constants observed for the three phases were similar af'9nifies the NADPH-FAD charge transfer species, akit
all three wavelengths observed (456, 540, and 690 nm), 'S the observed rate constant for the formation of that charge

although whether the absorbances increased or decreasefiansfer species. Whether or not the charge transfer step is
reversible is examined below. The initial NADPt¢nzyme

differed, depending on what spectral species were formin X
P g P P gcomplex shown in eq 1 was not detected spectrally, both

or decaying. This will be discussed further below. ] ; X :
The first phase of reduction appears as a decrease at 45é)ecause it may be spectrally silent and because its formation
is extremely fast. Thus, by the end of the dead time even if

nm accompanied by the formation of a broad band CentereOIthere were any spectral changes caused by the formation of
at about 550 nm but which also extends past 700 nm (Figure,, . ysp 9 . y
this complex, they would be essentially complete and would

3, spectrum 2). The.formauon of this SPecies 1S nearly be hidden within the spectral changes corresponding to the
complete in the approximately 4 ms dead time of the Stc)ppm'formation of the NADPH-FAD charge transfer band, which

flow instrument, and it contains about 17% of the tatalse also forms very quickly
(column 2 of Table 1). The spectral changes are consistent '
with the formation of an NADPHFAD charge transfer n
complex (Blankenhorn, 1975). The observed rate constantsErap,,~s-s) + NADPH ==

obtained for this phase at 540 nm show a hyperbolic increase Ker

with increasing concentration of NADPH, with a maximal EFADOX_(S_S)-NADPH <=’*EFADUX_(S_S)-NADPH (N

value of 950+ 30 s! and an appareri{y of 25 + 4 uM

(column 2 of Table 2). These values may have significant The second phase of reduction involves the decay of the
error caused by the large amount of the reaction that wasNADPH—FAD charge transfer complex as the flavin is
complete in the dead time of the stopped-flow instrument, reduced where thée,ss comprises about 60% of the total

by the small changes in absorbance observed (Figure 2B),change observed (column 2 of Table 1). The observed rate
and by the fact that these rate constants are near the limit ofconstant of the second phase shows a hyperbolic dependence
the experimental technique. The saturability of these ob- on concentration of NADPH, with an appardt of 3.4 +

A

0.10

A456

o T IIY] T |ll1 T I'II
B

A540

0.03

4

0.030 - C

AGQO
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— 12 can be reduced by reduced thioredoxin in the presence of
’g T thioredoxin reductase (Moore et al., 1964). Kinetic modeling
S 10“_ of eq 2 has shown that when another step occurs (in this
E g case charge transfer formation) between substrate binding
= - and the observed step (flavin reduction), as long as the
3 6 intermediate step is reversible, then the observed step will
§ ] retain its hyperbolic dependence on the concentration of
o 47 substrate (supporting information, Appendix A). Thus, the
§ 5 | fact thatker is hyperbolically dependent on the concentration
2 i of NADPH suggests that the formation of the NADPH
g0 e NN FAD charge transfer complex is reversible. Note that while

450 500 550 600 650 the simulations suggest that charge transfer formation is
reversible, it is only known that the sum of the forward and
backward rate constants for the charge transfer step is
approximately 950%. The values of the individual forward
and backward rate constants are not known. The simulations
of this mechanism also show that the appai€nfor the
substrate as obtained from the plot of observed rate constant
versus concentration of substrate for charge transfer forma-
tion and for flavin reduction tend to be higher and lower,
respectively, than the tru&y (supporting information,
Appendix A). Thus, it is likely that th&y for NADPH
binding to oxidized wild-type enzyme is between 25 and 3.4

Wavelength (nm)

Extinction Coefficient (mM" em™)

UM.
0 e While the final species in eq 2 is a reduced flavMADP*
450 500 550 600 650 charge transfer complex, spectrum 3 in Figure 3 does not

fully reflect this, in that there is significant oxidized character.
The long-wavelength absorbance in these spectra is also not
FIGURE 3: Spectra from the reductive half-reaction of wild-type pyrely that of a reduced flavieNADP* charge transfer

thioredoxin reductase. Conditions are as for Figure 2. Panel A: 35.6 ; ;
M NADPH. Spectra are (1) oxidized enzyme, (2) dead time (4.3 complex. There are two reasons for this. First, the spectra

ms), (3) 2 half-lives of the second phase of reductieg)(and 0.4  Shown are not those of a pure species, since 25% of the
half-life of the third phase of reductioitd) (26.0 ms), and (4) final second phase of reduction remains to be seen, an@2%
spectrum taken (2 min), all phases of reduction complete. Panel B: of the third phase of reduction has already occurred. Second,
?jgﬂxs;\'?gpghgl?ﬁsgg gﬁéé)soexéginzgd ﬁgéé’rg?vré%)ugfég)t(ime the enzyme requires four electrons to be fully reduced. As
and 0.3 half-life of the third phase of redu%tida)((20.6 ms), and written, eq 2 shows that the Enzyme 1S only 5.0% reducgd
(4) final spectrum taken (2 min), all phases of reduction complete. after the second phase of reduction. As mentioned earlier,
partially reduced thioredoxin reductase is a mixture of four
0.5u4M and a maximal observed rate constant of#69 s species at different redox states. No single two-electron-
(column 2 of Table 2). Spectrum 3 in Figure 3 shows the reduced species exists. Thus, the species shown in spectrum
enzyme species observed after 2 half-lives of the second3 is probably a combination of enzyme containing oxidized
phase of reduction (75% complete) and after-@3} half- and reduced flavin and will have NADRr NADPH bound
life of the third phase of reduction (2®5% complete). Thus,  to the extent dictated by the concentrations of NAC#d
these spectra largely represent the species present at the eldADPH present and by theiy values with the oxidized
of the second phase of reduction. This species has a lowerand reduced enzyme forms. Note that the displacement of
level of the NADPH-FAD charge transfer band at 540 nm NADP* by NADPH is facile (cf. spectrum 4 in Figure 3;
as compared to the dead-time spectrum (spectrum 2, Figuresee below).
3), indicating the loss of that band as flavin is reduced. Also,  The third phase of the reductive half-reaction is observed
the extinction coefficient at 690 nm has increased, indicating as a slower decrease in absorbance at 456 and 540 nm, as
some formation of a reduced fla#iNADP* charge transfer ~ well as an increase at 690 nm at lower concentrations of
species (Zanetti & Williams, 1967; Blankenhorn, 1975; NADPH (=< 87 uM) (curve 1, Figure 2C). This phase
Massey & Palmer, 1962; Claiborne & Ahmed, 1989). The contains the remaining 23% of the observedse (column
simplest mechanism which explains the results observed is2 of Table 1). The observed rate constant of this phase is
that flavin reduction immediately follows formation of the independent of the concentration of NADPH (column 2 of
NADPH—FAD charge transfer band. Equation 1 can be Table 2), indicating that this phase is limited by a first-order
expanded, then, to include flavin reduction as shown in eq process which is not affected by a preceding or succeeding
2, wherekgr is the observed rate constant of the flavin binding step. The long-wavelength spectral characteristics
of the species formed at the end of this phase are consistent
Kon, er, with the significant formation of a reduced flaviNADP™*
EFADOX—(S—S) + NADPH ot EFADOX—(S—S)'NADPH — charge transfer complex at the lower concentrations of
. ker n NADPH (Figure 3A, spectrum 4) (Zanetti & Williams, 1967;
Erap, —(s-syNADPH="E,p s syNADP" (2) Blankenhorn, 1975; Massey & Palmer, 1962; Claiborne &
Ahmed, 1989). The key observation is that during this phase
reduction step. This step should be reversible, since NADP the 690 nm absorbance increases when the NADPH con-

Wavelength (nm)
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Table 1: Changes in Extinction Coefficients Observed during Each Phase of the Reductive Half-Reaction with Wild-Type, Partially Reduced
Wild-Type, and Disulfide Mutant Thioredoxin Reductases

wild type+  wild type+ 1.4

180uM equiv of TrxR- TrxR- TrxR- TrxR- wild type,

wild type NADP* dithionite (Sef35,Cys38)  (Seft35Sef3d) (AlalssAlal®®) (Cys'35Sers) 25°C
[enzyme] M) 5.00r17.2 15.0 9.3 5.1o0r19.2 155 17.6 18.0 17.4
Ae phase 1 (M1cm™1) —15504+ 130 +430t0—850 —1400+ 160 —1510+ 140 —2050+ 120 —2540+ 230 —-52+86 —1250
% Ac in phase 1 17 —5t09 25 21 21 27 1 14
Ae phase 2 (M1 cm™t) —5640+ 120 —6810+ 550 —2140+ 120 —5610+ 110 —7590+ 130 —5350+ 220 —1620+ 230 —4400+ 150
% Ac in phase 2 60 871t0 75 39 78 e 56 19 49
Ae phase 3 (M1cm™1) —21604+ 210 —1470+ 110 —2020+ 90 —93+ 46 —170+ 50 —1610+ 260 —6900+ 200 —3400+ 190
% Ae in phase 3 23 19to 16 36 1 2 17 81 38
€final (M~1cm™2) 1980+ 130 2250+ 30 3910+ 110 2490+ 110 1980+ 170 1790+ 50 2580+ 210 2290+ 70

a All reactions are with NADPH. The table refers to values as observed at the flavin peak. Valdesiere obtained at saturating concentrations
of NADPH (~500 «M). Temperature is 2C unless otherwise noted. Values are shawio. ® Experiments were done with two concentrations
of enzyme . Concentration of enzyme corrected for semiquindriEhere is no standard deviation because this value was artificially fixed to
approximate the 2C value during analysis.

Table 2: Summary of the Rate Constants Observed in the Reductive Half-Reaction with Wild-Type, Partially Reduced Wild-Type, and
Disulfide Mutant Thioredoxin Reductases

wild type + wild type+ 1.4

180uM equiv of TrxR- TrxR- TrxR- TrxR- wild type,

wild type NADP* dithionite (Seis3® Cys'39) (Sef35Sersd) (Alal3hdAlaldl) (Cys!sh Sef3s) 25°C
[enzyme] (M) 5.00r17.2 15.0 9.3 5.1o0r 1921 155 17.6 18.0 17.4
ket (s7Y) 950+ 3¢ 5204+ 60¢ ND® 740+ 190 400+ 10 590+ 40 4258 NDf
Ka appfor ker9 (uM) 25+ 4 100+ 3¢¢ ND independent 2% 2 21412 independent ND
ker (s71) 694 1n 57+1 74+ 5 29+ 1 36+ 1 68+ 5 80 to 50 430k 20
Kq appfor ker® (uM) 3.4+ 0.5 27+ 3 9.7+ 5.7 increasing, then decreasing independent independent decreasingt 1481
ki (79 9.0+06 55+11 9.4+ 0.7 3.6+ 1.6 3.7+£1.9 27+ 3 10to 7.5 53t 2
K appfor ks? (uM) independent independent independent independent independent  independent  decreasing independent

a All reactions are with NADPH. The table refers to values as observed at the flavin peak except wher&z@rdker refer to the first two
phases of the reductive half-reaction (see text and eqs 1 and 2j; egférs to the third phase of the reductive half-reaction. TemperaturéGs 1
unless otherwise noted. Values are shawrstandard error except where not@dExperiments were done with two concentrations of enzyme.
¢ Concentration of enzyme corrected for semiquindri@ata from 540 nmeND, not determined’ Not determined. This phase was essentially
complete in the dead tim& Numerical values are apparefi values from a hyperbolic fit to the data. Otherwise, the entry describes the behavior
of the observed rate constant for that phase with increasing concentration of NADRIth from lower enzyme concentration experiment, which
allowed use of a lower concentration of substraféhe value determined from temperature dependence data is"59Bigure 6A).) Values are
shown+ 1o.

centration is low and decreases when the NADPH concentra-(Massey et al., 1970; Williams et al., 1991). As evidenced
tion is high (Figure 2C). This reflects the fact that a high by the ability of NADPH to prevent formation of the reduced
concentration of NADPH can displace NADRith loss of flavin—NADP™ charge transfer band by displacing NAQP
the reduced flavinrNADP* charge transfer complex (cf. NADP* release is quite facile.
spectrum 4 in panels A and B of Figure 3). At the higher  Reductie Half-Reaction of Wild-Type Thioredoxin Re-
concentration of NADPH, the final species does not representductase in the Presence of Added NADRDxidized wild-
either the NADPH-FAD or reduced flavir-NADP* charge type thioredoxin reductase was mixed with 8@ NADP*
transfer species observed previously. Instead, it is likely that prior to use in the reductive half-reaction to explore how
the spectrum is that of fully reduced enzyme with NADPH the reductive half-reaction is affected by NAD&nd in order
bound. In the earlier study (Massey et al., 1970) it was to confirm the conclusion that the third phase of reduction
reported that the dead-time species, i.e., the NABFAD does not represent the release of NADffom reduced
charge transfer complex, decayed at all wavelengths. Unlikeenzyme. As was observed in the absence of NADRe
what was observed in this work (Figure 2C, curve 1), no first species formed upon mixing with NADPH is the
increasing absorbance was observed at the longer waveNADPH—FAD charge transfer complex (Figure 4, spectrum
lengths by Massey et al. (1970) after the dead time. The 2). This phase is more difficult to detect at 456 nm and
reason for this is that only one high concentration of NADPH even less of the NADPHFAD charge transfer complex
was used in that study (2.5 mM). At that concentration the formation is evident than in the absence of NADRince
NADPH would have efficiently competed with NADHor NADP* must first be displaced by NADPH and the flavin
the pyridine nucleotide binding site, thus precluding the reduction that follows partially masks the changes due to
formation of the reduced flaviatNADP' charge transfer  charge transfer formation. At 540 nm, however, where the
complex. Instead, the absorbance during the second and thirdormation of this band can be more easily observed, an
phases would have decreased at all wavelengths, as wasbserved rate constant with a hyperbolic dependence on the
reported. concentration of NADPH is observed following a small lag
Because a significant amount of the reduced flavin phase. The maximal observed rate constant of £260
NADP* charge transfer complex forms during the third phase s is significantly smaller than that observed in the absence
of reduction at lower concentrations of NADPH (cf. spectra of NADP* and the apparery has increased (Table 2).
3 and 4, Figure 3A), this phase probably does not representThese results are probably due to competitive binding
the release of NADP, contrary to what was postulated earlier between NADP and NADPH such that the formation of
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— 12 charge transfer complex following the second phase has
§ increased (cf. spectrum 3 in panels A and B of Figures 3
S 10 and 4). This supports the conclusion made above that the
£ g4 enzyme species following the second phase of reduction
= actually consist of enzyme with either NADRr NADPH

3 6 bound, and so in this case the higher concentration of NADP
§ present simply causes the equilibrium to favor the formation
© 4 of the reduced flavirNADP* charge transfer complex.

S L During the third phase of reduction, the same general
£ - behavior is observed as in the absence of NABPlower

g o A B i o e concentrations of NADPH in that the final species represents

450 500 550 600 650 the further formation of a reduced flavilNADP* charge
transfer band (cf. spectra 3 and 4, Figure 4). However,
higher levels of this species are now observed (cf. spectrum
4 in Figures 3 and 4). This supports the identification of
the longer wavelength band present at the end of reduction
by NADPH as being due to the reduced flaviNADP*
charge transfer band when the ratio of NAD#® NADPH

is high. Again, if the release of NADPwas limiting the
third phase of reduction, significant levels of the reduced
flavin—NADP™ charge transfer band would not form during
this phase. The higher concentration of NADPH was less
effective in displacing the NADPthan in the absence of
added NADP (cf. spectrum 4, Figures 3B and 4B). While
the observed rate constant of the third phase of reduction at

Wavelength (nm})

Extinction Coefficient (mM-‘I cm-1)

Olllllllllllllllllllllll
450 500 550 600 650 456 nm is still independent of the concentration of NADPH,
it has decreased to 5:6 1.1 s (column 3 of Table 2).
Reductie Half-Reaction of Partially Reduced Wild-Type
FiGurE 4. Spectra from the reductive half-reaction of wild-type Thioredoxin ReductaseWhile the release of NADP has

Wavelength (nm)

thioredoxin reductase in the presence of added NAGR®Nditions : :
are 15.0uM enzyme and 18@M NADP* after mixing at pH 7.6, been ruled out as an explanation for the third phase of

1°C. Panel A: 31.4M NADPH. Spectra are (1) oxidized enzyme, reduction, another possible explanation is that this phase
(2) dead time (4.3 ms), (3) 2 half-lives of the second phase of represents the reduction of two-electron-reduced enzyme by
reduction krr) and 0.3 half-life of the third phase of reductida)( a second equivalent of NADPH (Massey et al., 1970;

(46.3 ms), and (4) final spectrum taken (2 min), all phases of \wjjliams et al., 1991). In that case, partially reduced enzyme

reduction complete. Panel B: 2 NADPH. Spectra are (1 e .
oxidized enzyrlrowe, (2) dead timea(%,v.ls ms), (3) 2phalf-|ives éf )the should show significantly smaller changes in absorbance

second phase of reductiok:§) and 0.3 half-life of the third phase  during the third phase of reduction. To test this hypothesis,
of reduction ks) (30.0 ms), and (4) final spectrum taken (2 min), wild-type thioredoxin reductase was partially reduced by the
all phases of reduction complete. addition of 1.4 equiv of dithionite prior to use in the reductive
half-reaction. When this enzyme is rapidly mixed with
the charge transfer complex is no longer limited by how various concentrations of NADPH, essentially the same
quickly the charge transfer species could form but also by kinetics are observed at 456 nm as with fully oxidized
how fast NADP was released so that NADPH could bind. enzyme (Tab|e 2, columns 2 and 4), but the amp“tude of
The fact that the observed rate constant for this phase hashe second phase is significantly decreased (Table 1, columns
decreased from 95075to 520 s* suggests that the rate 2 and 4). The fact that the third phase of reduction is a
constant of NADP release is at least 520°'s since the  |arger fraction of the total change in prereduced enzyme
NADPH-FAD charge transfer species cannot form faster indicates that this phase is not simply the reduction of
than NADP" vacates the pyridine nucleotide binding site. thioredoxin reductase by a second equivalent of NADPH.
The increase in the apparei for NADPH is expected in  Since this enzyme sample contained significant levels of
the presence of a competitively binding ligand. This agrees flavin semiquinone, the similarity of these kinetics to those
with steady-state results, which show that NADB a  optained with fully oxidized enzyme confirm that the
competitive inhibitor of NADPH (Williams, 1976). semiquinone form of this enzyme is not an active species in
The second phase of reduction as observed at 456 andhe reductive half-reaction (Zanetti et al., 1968).
540 nm still shows a decrease in absorbance with a Reductie Half-Reaction of Disulfide Mutants.Four
hyperbolic dependence of the observed rate constant on thalisulfide mutants of thioredoxin reductase were also stud-
concentration of NADPH. The effect of added NADBn ied: TrxR(Set®,Cys3), TrxR(Cys35,Sefs®), TrxR(Ala®s -
this phase is similar to that observed for the first phase of Ala’®), and TrxR(Sef5Sef®®). Each of these mutants,
reduction in that the maximal value of the observed rate through the mutation of one or both of the active-site
constant is decreased and the appakens increased (cf. cysteines, lacks the redox-active disulfide. In this way one
columns 2 and 3 of Table 2). The spectral changes observedf the potentially complicating factors in interpreting the
during this phase still reflect the reduction of flavin and some reductive half-reaction has been removed, namely, the
formation of a reduced flavinNADP* charge transfer  presence of a second redox center. Since these mutants lack
complex, but in the presence of additional NADRhe the redox-active disulfide, they cannot be reduced by more
fraction of enzyme present as the reduced flaiNADP* than 1 equiv of NADPH. It was hoped that this simplifica-
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Ficure 5: Spectra from the reductive half-reaction of disulfide
mutants of thioredoxin reductase. Panel A: TrxR(EySet39).
Conditions are 18.aM enzyme and 73.4M NADPH after mixing

at pH 7.6, 1°C. Spectra are (1) oxidized enzyme, (2) dead time
(4.3 ms), (3) 2.3 half-lives of the second phase of reductigg) (
and 0.5 half-life of the third phase of reductidg)((20.6 ms), and
(4) final spectrum taken (2 min), all phases of reduction complete.
Panel B: TrxR(Séf5Cys'%9). Conditions are 19.4M enzyme and
39.1 uM NADPH after mixing at pH 7.6, I°C. Spectra are (1)
oxidized enzyme, (2) dead time (4.3 ms), (3) 1.9 half-lives of the
second phase of reductiok-g) and 0.2 half-life of the third phase
of reduction ks) (42.2 ms), and (4) final spectrum taken (2 min),
all phases of reduction complete.

tion would help confirm that the third phase of reduction in
wild-type thioredoxin reductase is not related to the reduction
of the enzyme by a second equivalent of NADPH. As was
observed with wild-type enzyme, the reductive half-reactions
of all four mutants with NADPH at 2C contain three phases
of decreasing absorbance at the flavin peak (Tables 1 an

2). This supports the conclusion that the third phase of

reduction does not involve the reduction of the flavin by a
second equivalent of NADPH. As was observed for wild-

Lennon and Williams

enzyme, as well as among the mutants themselves. Note
that none of the mutants displayed second-order kinetics for
kcr. This supports the conclusion that the formation of the
NADPH—FAD charge transfer complex is a separate event
following binding. However, as was done with wild-type
enzyme, the rate constants for this first phase of reduction
were fixed during analysis such that the starting absorbance
returned by the computer fit matched the observed starting
absorbance for the oxidized enzymes. While this procedure
yielded more reasonable rate constants for the first phase
than those fits in which the observed rate constant was
allowed to vary freely, it may also introduce some error in
the data (see Enthalpy of Activation in the Reductive Half-
Reaction of Wild-Type Thioredoxin Reductase below).
Conclusions regarding the first phase of reduction should
be viewed with this in mind.

The most striking changes observed in the reductive half-
reactions using the mutant enzymes are observed in TrxR-
(Cys'35,Set®). In the other three mutant enzymes, the
changes in extinction observed during each of the three
phases of reduction were approximately the same magnitude
as observed in wild-type enzyme except that phase 3
represented a smaller proportion of the change in extinction
(columns 5-7, Table 1). In TrxR(CyS®Set®), on the other
hand, while the species following the first phase of reduction
still exhibits the same NADPHFAD charge transfer
characteristics observed in wild-type enzyme and in the other
mutant enzymes, th&e observed at the flavin peak during
this phase is significantly decreased (Table 1, column 8, and
Figure 5A, spectrum 2). It is also clear that the long-
wavelength extinction coefficients of all charge transfer
species have decreased significantly (Figure 5A), in contrast
to the observation with the other mutants (Figure 5B and
Table 1, columns 57) and in wild-type enzyme (cf. Figure
3). The second phase of reduction has also decreased
significantly in amplitude in this mutant (Table 1, column
8, and Figure 5A, spectrum 3) and indeed is not distinguish-
able from the first phase of reduction at low concentrations
of NADPH. The third phase of reduction at all concentra-
tions of NADPH contains the majority of the change in
extinction (Table 1, column 8), and spectrum 4 in Figure
5A shows that significant flavin reduction has occurred, with
the concomitant formation of a reduced flaviNADP*

dcharge transfer complex at lower concentrations of NADPH.

It will be discussed below how these observations lead to
the idea that the third phase of reduction is largely limited
by the proposed conformational change.

type enzyme, the reduced mutant enzymes appear to rapidly Comparison of Wild-Type Thioredoxin Reductase Rapid

exchange NADPH for NADP. As the concentration of

Reaction Data to Steady-State Datkn order to determine

NADPH increases, the final enzyme species observed loseif any step of the reductive half-reaction is rate-limiting in

long-wavelength character, presumably as NAD® dis-

turnover, it is necessary to compare the observed rate

placed from the reduced enzyme by NADPH, thus preventing constants for the reductive half-reaction with steady-state

the formation of the reduced flavirNADP* charge transfer
band.
While the reductive half-reactions of all four mutant

kinetic parameters under similar conditions. The steady-
state kinetic parameters for wild-type thioredoxin reductase
have been determined previously (second and third columns

enzymes did contain three phases of reduction, and theof Table 3) (Williams, 1976; Prongay et al., 1989). There

presence of the NADPHFAD and reduced flavinNADP*

was a significant difference in thén. values between these

charge transfer bands were observed (e.g., Figure 5; cf.experiments, so the values were redetermined in this work

Figure 3), there were differences from wild-type enzyme (cf.
column 2 with columns 58 in Tables 1 and 2). The

(third column, Table 3). The value fofmax Obtained was
in good agreement with the result from Williams (1976),

observed rate constants, as well as their concentrationand so a value ok = 33 s is used for thioredoxin
dependencies, differed between the mutants and wild-typereductase under these conditions.
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Table 3: Steady-State Kinetic Parameters of Wild-Type 04 N ° A
Thioredoxin Reductase

Williams Prongay et al. this work

steady-state kinetic parametef1976) (1989) (£ std error) =
turnover number 2000 1320 2010140 _ﬁ
[nmol min~* nmol of TrxR™] >
Km NADPH (uM) 1.2 1.25 2.6% 0.59 o
Km thioredoxin M) 2.8 2.89 3.68+ 0.63

aValues from the present work are obtained by nonlinear fitting
methods assuming a ping-pong mechanism and so are best described
as apparent values (see Materials and Methods). Units for the turnover
number are nanomoles of thioredoxin reduced per minute per nanomole

3.3 3.4 3.5 3.6 3.7

of thioredoxin reductase. (1/T) X 103 (°K'1)
The reductive half-reaction with NADPH was performed 0.6 B

at 25 °C so that the rate constants obtained could be ]

compared to the steady-state turnover number (column 9, 08 ]

Tables 1 and 2). The initial formation of the charge transfer E 104

species, as well as a large portion of the second phase of <’ 1

reduction, was fast enough to be complete in the dead time. g 12 7]

This made it necessary to fix the rate constant of the second 1.4

phase when fitting the reaction trace such that the extrapo-

lated starting absorbance for the second phase matched what -1.6

was expected on the basis of theCresults. The observed T
rate constant obtained in this manner for the second phase 83 34 35 36 37

of reduction showed saturability, with a maximum value of M x 102 ¢k’

430+ 20 s* and an appareri; of 81 + 14 uM. This is FIGURE 6: Temperature dependence of the reductive half-reaction
much too fast to be rate-limiting in catalysis (cf. Table 3). of wild-type thioredoxin reductase. Conditions arg/ enzyme
Given the potential for error in the analysis used, the larger and 516uM NADPH, pH 7.6. Lines are linear regressions of the
apparenk, for this phase as compared t0€ may partly e B2, CoE K once experiment, The
be a result of the meth,Od used to fit the d_ata' The Obser_vedopen circle is the rate constant observed at@5n the reductive

rate constant of the third phase of reduction was essentiallyhalf.reaction experiment using 4304 NADPH in which the rate
independent of the concentration of NADPH, with a value constant for this phase was fixed during analysis (see text). The
of 534+ 2 s7L. Thus, the third phase of reduction represents open square is the same experiment in which the rate constant was

the slowest competent step in the reductive half-reaction, butnot fixed during analysis. Panel B: Temperature dependence of
since it also is faster thaku, = 33 S°%, it is clear that this the observed rate constant of the third phase of reduction. Filled

i (ctat — circles are data from the temperature dependence experiment. The
step is not solely rate-limiting in turnover. open circle is the rate constant observed at@5n the reductive

Enthalpy of Actvation in the Reductie Half-Reaction of half-reaction experiment mentioned above in which the value of
Wild-Type Thioredoxin Reductas&ince it was difficult to ~ Ker Was fixed during analysis.
gnalyze_the data at 2% due to the fast reaction rates, Table 4: Thermodynamic Parameters of Two Phases of the
mformatlon from a StUdy of the temperature dependence of Reductive Half-Reaction and of Turnover with Wild-Type
the reductive half-reaction was used to check the accuracyTnioredoxin Reductage
of the values for the observed rate constants of the second

kinetic

and third phases of reduction at 2& just described. parameter

Arrhenius plots of the observed rate constants for these two  observed ~ AHF* (cal/mol) AG? (cal/mol) ASF [(cal/mol K)]
phases are linear from 5 to 2@, indicating that there is no o 13900+ 930 13 700+ 40 0.71+ 0.15
temperature-induced conformational change which affects the k, 12 900+ 300 15 000+ 70 —7.40+ 0.05
observed rate constant (Figure 6). The two°€5values turnover number 10 000 152@0270 —18.2

(depending on how those reaction traces were fit) for the  avalues are from the analysis shown in Figure 6. Original turnover
observed rate constant of the second phase of reductiordata are from Williams (1976). Where applicable, values are shbwn
obtained in the experiment described in the previous sectionstandard error.

fall on opposite sides of the theoretical line, indicating that

the 25°C values did contain some error introduced by the activation enthalpies are small but probably real, and the
analysis method (Figure 6A). The plot predicts an observed activation entropies are clearly different. Thus, the transition
rate constant at 28C of 590 s for the second phase of state limiting in turnover is not identical to the transition
reduction. The observed value for the third phase of State in either the second or third phase of the reductive half-
reduction, on the other hand, was clearly not affected by the reaction.

fitting method (Figure 6B).

The thermodynamic values obtained from these plots areDISCUSSION
shown in Table 4. Such data can indicate whether the Proposed Role of the Putag Conformational Change in
transition state limiting a step in the reductive half-reaction the Reductie Half-Reaction of Thioredoxin ReductasEhis
is the same as the transition state that limits turnover. Thestudy of the reductive half-reaction was an attempt to
differences between the pre-steady-state and steady-statenderstand the mechanism of a well-studied enzyme at a
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more detailed level. Two important characteristics of the Scheme 2: Mechanism for the Reductive Half-Reaction of
mechanism have already been investigated. First, the enzymé/utant Thioredoxin Reductases
utilizes a ternary (_:omplex_ (Lennon & Williams, 1995). ‘“ NADPH - wrt NADP*
Second, the catalytic cycle is between four-electron-reduced }emo — FAD s F0° —> FADH, —= FADH,
and two-electron-reduced forms of the enzyme (Lennon & ook K ot X R Ay ks
Williams, 1996). These findings led to the proposal of a Y Y Y
working hypothesis mechanism (Williams, 1995; Lennon & 1 2 3 4 5
Williams, 1996). The mechanism reflects the postulate that 2 Since this mechanism applies to all the disulfide mutants, -X and
only those molecules in the FR conformation can react -Y can represent -OH, -SH, or -GHdepending on which mutant is
immediately with NADPH, and thus, molecules in the FO being considered. The schematic enzyme backbone is bent to indicate
f ti t und ! th ,f fi | ch which proposed conformation is present. When the pyridine nucleotide
contormation must undergo ! e contorma '9na change to binding site is angled away from the flavin and the active-site residues
allow NADPH and FAD to interact (cf. Figure 1). A (X and -Y) are near the flavin, the enzyme is in the FO conformation
catalytic cycle begins with the enzyme in the FO conforma- (species 1 and 5). When the active-site residues are angled away from
tion and in the E(FAD)-(SH), state. NADPH binds and the flavin and the pyridine nucleotide binding site is near the flavin,
rotation to the FR conformation must occur before flavin 1€ €nzyme is in the proposed FR conformation (specie§ 2Charge
b d d ith th in th f . transfer interactions are indicated by hatch marks between the flavin
C‘_':m_ e re_' uc_e : ,W't the enzyme in the FR Cc_)n ormation, gng pyridine nucleotide. The rate constants are identified as follows:
dithiol—disulfide interchange can take place with the sub- i, rate constant for the third phase of reduction, here depicted as the
strate, thioredoxin. Finally, the enzyme must return to the rate constant for the conversion of the FO to the FR conformation;
FO conformation to allow the electrons to be passed from k-3, rate constant for the conversion of the FR to the FO conformation;

X
Y

: : . 1A ker, rate constant for NADPHFAD charge transfer formation (first
the. r_educed ﬂa\{m to the d'S“'.f"?'e yielding E(FAB|SH), phase of the reductive half-reactiorir, rate constant for flavin
(Williams, 1995; Lennon & Williams, 1996). reduction (second phase of the reductive half-reaction).

The proposal that two conformations are necessary for
catalysis (Waksman et al., 1994) means that the reductivethioredoxin reductase. The FO conformation actually ob-
half-reaction would necessarily involve at least one rotation served in the crystal structure does not allow the nicotinamide
and one counterrotation to allow NADPH and the redox- ring of NADP' (and presumably NADPH) to be juxtaposed
active disulfide to alternately access the flavin (Figure 1). for charge transfer formation with the isoalloxazine ring of
Our experiments using wild-type enzyme show that NADP  the flavin; it is only the proposed FR conformation that is
dissociation does not limit the third phase of the reductive apje to form a charge transfer complex involving flavin and
half-reaction. The study of the reductive half-reaction of pyrigine nucleotide (Waksman et al., 1994). Thus, in TrxR-
partially reduced enzyme and of mutants of the active-site (Cysi®5,Sef%®), where very low levels of flavirpyridine
disulfide in this work have also eliminated reduction of the ,cleotide charge transfer interactions are observed and
enzyme by a second equivalent of NADPH as giving rise t0 yhere the first phase of reduction is almost nonexistent, it
the third phase of the react!on. Interjecting a historical note, appears that very little of the enzyme is present in the FR
these studies were essentially complete before the structure.¢qrmation. Conversely, in the other mutant enzymes
was known. Given the structural features of which we are \q e significant flavir-pyridine nucleotide charge transfer
now ?‘Ware'the proposed confo_rmatlonal change is the primejnseractions are observed and where the first phase of
Ca_rr]ﬁ.'dat? for.the processdazcrlbablel to the sIfovg sﬁep. 1 reduction is more visible, it is suggested that most of the

IS ;(levv_ |fs sur;_porti\ y ds_lmg atlzns Otl. ((:j ekr)ne enzyme is present in the FR conformation. We propose that

(§upp(:Llng in _orrlna on, r;pefnslxh )- 150Vl</'lllne a (tjveI' in solution the two conformations postulated for thioredoxin
i'ggf) i%r;glgaco?‘rr]%p?cﬁegl' ectrsrﬁh ( dl |arT(1jsfe|a aly reductase are in a dynamic equilibrium, and so the enzyme

995) W v 10 realiz at the reduce VI molecules that are not present in the FR conformation will
disulfide eIectroq eqwllbratlon.step must mclude the PrO- - axist in the FO conformation. Thus, there will be a balance
posed confqrmatlonal change in order to bring the disulfide between the two conformations, which apparently differs
near the flavin for electron transfer. Thus, the simple electron among the mutant enzymes ’The fact that the crystal
transfer stefkere in Scheme 1 must consist of at least two structure shows only the FO conformation is a consequence

separate steps: rotation and electron transfer. Similay, of that structure being favored as molecules are packed into
must consist of electron transfer followed by rotation back 9 P
the crystal (Waksman et al., 1994).

to the FR conformation. Simulations of Scheme 1 have
suggested that all the step(s) involving the equilibration of ~ The ideas outlined above have been used to create a
electrons between the flavin and the disulfide are probably Working hypothesis mechanism for the reductive half-reaction
slower thankger (supporting information, Appendix B). It ~ of the mutant thioredoxin reductases (Scheme 2). In this
is not difficult to believe that the actual electron transfer step mechanism, oxidized enzyme is present initially in both the
is indeed fast, as it is in other members of this enzyme family FO and FR conformations (species 1 and 2). NADPH is
(Benen et al., 1992; Rietveld et al., 1994). Thus, it is able to bind and rapidly form the NADPH-AD charge
probably the conformational change that is slower than transfer complex with the enzyme in the FR conformation,
and so it is possible that the proposed conformational changegiving rise to the first phase of the reductive half-reaction.
is limiting at some point in the reductive half-reaction. The enzyme that has formed the NADPHAD charge
This idea is further supported by the reductive half- transfer complex (species 3) is now able to undergo flavin
reactions of the mutant thioredoxin reductases. An explana-reduction, giving rise to the second phase of the reductive
tion for the presence of three phases of reduction in the half-reaction. Meanwhile, the fraction of the oxidized
mutant enzymes is suggested by the different levels of chargeenzyme that was originally in the FO conformation (species
transfer species formed among the mutant enzymes and byl) is able to rotate to the FR conformation with some
the properties of the two conformations proposed for relatively slow rate constankd). Once it has assumed the
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Scheme 3: Mechanism for the Reductive Half-Reaction of
Wild-Type Thioredoxin Reducta3de
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@ As in Scheme 2, the schematic enzyme backbone is bent to indicate
whether the FO or FR conformation is present. Charge transfer
interactions are indicated by hatch marks between the flavin and

pyridine nucleotide. The rate constants are identified as follokys:

rate constant for the third phase of reduction, here depicted as the rat

constant for the conversion of the FO to the FR conformatios;

rate constant for the conversion of the FR to the FO conformation;
ker, rate constant for NADPHFAD charge transfer formatiorkeg,

rate constant for flavin reductiokgrr, rate constant for electron transfer
between the two enzyme redox centers in the forward direckias;
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Table 5: Apparent Equilibrium Constants for the FR and FO
Conformations of Thioredoxin Reduct&se

Keq (FRIFO) AG®, pH 7.6
enzyme (A€ phase 2A¢ phase 3) (kcal/mol)
TrxR(Set3> Cys'39) 60 -2.2
TrxR(Set®,Sef39) 45 -2.1
TrxR(Alat3® Alal3®) 3.3 —0.65
wild type 2.6 —0.52
TrxR(Cys35,Sef%) 0.23 0.80

2 The table was generated under the assumptions shown in Schemes
2 and 3 and described in the text. Values for the changes in extinction
coefficient for the second and third phases of reduction are from Table
1. Values in the third column are calculated from the equaA®i =
—RTIn (Keg).

These species would exhibit three phases of reduction

J{Scheme 3).

Note that for both wild type and all mutant enzymes the
observed rate constaht was either independent of the
concentration of NADPH or it decreased (Table 2). This is
in agreement with the mechanisms in Schemes 2 and 3,

rate constant for electron transfer between the two enzyme redox centerdecause a conformational change followed by a binding event

in the backward direction. It is not known if any of these rates differ

can exhibit a decreasing observed rate constant with increas-

between oxidized and partially reduced enzymes. The pyridine nucle- jng concentration of the ligand (Schopfer et al., 1988). Since

otide bound to species 5 and 6 is not shown specifically as NAQP
NADPH because it is not known at which point NADRs released

this decrease can be very small (Fersht, 1985), it may be

and the second equivalent of NADPH binds. This uncertainty makes indis_tir?gUiShable frpm Po_ncentration indepen_den_ce. Note
no difference in the spectra of the species in question, since no chargethat it is probably simplistic to assume that this third phase
transfer interactions should exist in those species. Species 10 is alsoof the reductive half-reaction is influenced solely by the

not shown with a specific form of pyridine nucleotide bound, since it
is shown that NADP and NADPH freely exchange on the reduced
enzyme.

FR conformation (species 2), NADPHFAD charge transfer
formation and flavin reduction occur. Since both of these

proposed conformational change. Given the complexity of

the mechanisms proposed (Schemes 2 and 3), it is likely that
the third phase of reduction actually represents a mixture of
rate constants which is somewhat different among the

enzymes studied.

steps are faster than the rate ascribed to the conformational The mechanism proposed states that those enzymes which
change, the conformational change would be the rate-limiting exist largely in the FR conformation will have the most
step in the reduction of the enzyme present in the FO significant extinction changes in the first two phases of

conformation, thus giving rise to the third phase of the
reductive half-reaction. When reduction is complete, the

reduction, while those enzymes which exist largely in the
FO conformation will have the most significant extinction

enzyme will all be present in the FR conformation (species changes in the third phase of reduction. If the amplitude of

4). However, the equilibrium between the FO and FR
conformations will still exist, probably with &¢q value
similar to that observed with oxidized enzyme. This is
supported by the fact that fully reduced TrxR(EySer-38)
still has very low long-wavelength extinction. The flavin

the first phase of reduction is discounted as being due to a
charge transfer process and not actual flavin reduction, then
the fraction of the extinction change at the flavin peak in
the second phase of reduction may indicate how much
enzyme is in the FR conformation, and the fractiomefin

spectrum of enzyme in the FO conformation (species 5) the third phase of reduction may indicate how much enzyme

should not be greatly affected by whether NADPH or
NADP™ is bound to it, since in that conformation the pyridine
nucleotide would not be near the flavin (Waksman et al.,
1994).

is in the FO conformation. This can give a measure of the
equilibrium constant between the FR and FO enzyme forms
(Table 5) and so provides a more quantitative value to the
empirical observation that TrxR(Sé%,Cys*9) (Figure 5B)

Scheme 3 represents a mechanism for the reductive half-and wild-type enzyme (Figure 3) are stabilizing more of the

reaction of wild-type thioredoxin reductase that is simply

FR conformation, while TrxR(Cy&%Sef39) is stabilizing

an expansion of the ideas depicted in Scheme 2 to allow for more of the FO conformation (Figure 5A). Using these

the presence of the active-site disulfide in wild-type enzyme.

approximateKeq values, it can be seen that the&° at pH

The general idea that the second and third phases of the’-6 changes by 3 kcal/mol over the range of enzymes
reductive half-reaction of thioredoxin reductase are causedstudied. Thus, there is not a large difference in energy

by flavin reduction in enzyme molecules in the FR and FO

between the extremes of the FR/FO equilibrium values

conformations, respectively, can also be used to explain theshown in Table 5.
presence of three phases in the reductive half-reaction using Effect of Mutation on the Redueé Half-Reaction. The

partially reduced wild-type enzyme. Since partially reduced
wild-type enzyme exists as an equilibrium of four redox
states [Bx, E(FADH)—(S), E(FAD)—(SH), and Eed
(O’Donnell & Williams, 1983), enzyme species containing
oxidized flavin [Ex and E(FAD)-(SH),] would be present.

reductive half-reactions of the active-site mutants were
studied in order to determine if the removal of the active-
site disulfide abolished the third phase of reduction, as would
be predicted if the third phase of reduction in wild-type
enzyme involved reduction by a second equivalent of
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NADPH. However, further complications have been intro- explanations for the third phase of the reductive half-
duced by the mutations, which result in changes in the reaction: dissociation of NADPand reduction by a second
polarity of the active site and replace Cys with the less readily equivalent of NADPH. Thus, it has been proposed that this
ionized Ser. Both polarity and charge can have important phase results from the reduction of those enzyme molecules
effects on chemical and structural aspects of enzymes. Inthat exist in the FO conformation. We have also shown that
any case, it is certain that the mutation of the active-site the mutation of the active-site disulfide has significant effects
disulfide in thioredoxin reductase has an effect on the on the reductive half-reaction of thioredoxin reductase, apart
mechanism by which the enzyme is reduced (Tables 1 andfrom any effects caused simply by the loss of the disulfide.
2). It is possible that these effects result from the perturbation
It was observed in earlier studies using other techniquesof the ratio of the FR and FO conformations present in the
(Prongay et al., 1989; Prongay & Williams, 1990, 1992) that enzyme. Evidence obtained through fluorescence spectro-
mutation of Cy%%® to Ser causes the largest changes in the scopy (Mulrooney & Williams, 1997) supports the suggestion
flavin properties. In those studies, the changes were thoughtthat mutation in the active site can influence the ratio of the
to be due to the modulation of the flavin environment by FR and FO conformations. It should be kept in mind that
residue 138, which is known to be close to the flavin in the there has been no direct observation of the proposed
crystal structure. It is now proposed, however, that the conformational change, and so its association with the third
reduction of flavin can only occur in the postulated FR phase of reduction must be treated as a working hypothesis.
conformation, in which residues 135 and 138 are no longer Strong support for these suggestions would be provided by
near the flavin. Thus, the effects on the reductive half- a direct measure of the rate constant for the conformational
reaction caused by mutation of the active-site residues arechange or by an independent measure of the FR/FO ratio in
probably not a result of the direct modulation of the flavin the various thioredoxin reductases studied. At present, we
environment by the residue at position 138. For example, believe that the third phase of the reductive half-reaction of
TrxR(Set,Sef®) behaves more like TrxR(SEpCys'39) thioredoxin reductase to a large extent is limited by the
than like TrxR(Cy%%®*,Set®) (Tables 1 and 2, columns 5, 6, conformational change between the FO conformation and
and 8). If the effect of mutation was solely based on direct the putative FR conformation.
perturbation of the flavin environment by the mutated
residues, the properties of the double serine mutant shouldACKNOWLEDGMENT
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conformational change may not be rate-limiting in catalysis

by this enzyme. What does constitute the rate-limiting step SUPPORTING INFORMATION AVAILABLE
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