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ABSTRACT: Glutathione reductase catalyzes the reduction of glutathione disulfide by NADPH and has a 
redox active disulfide and an FAD cofactor in each monomer. In the reductive half-reaction, FAD is 
reduced by NADPH and electrons pass from the reduced flavin to the redox active disulfide. The oxidative 
half-reaction is dithiol-disulfide interchange between the enzyme dithiol and glutathione disulfide. We 
have investigated the reductive and oxidative half-reactions using wild-type glutathione reductase from 
Escherichia coli and in an altered form of the enzyme in which the active site acid-base catalyst, His439, 
has been changed to an alanine residue (H439A). H439A has 0.3% activity in the NADPWGSSG assay. 
The replacement affects both the oxidative half-reaction, as expected, and the reductive half- 
reaction-specifically, the passage of electrons from reduced flavin to the disulfide. Reduction of H439A 
by NADPH allows direct observation of flavin reduction. The NADPH-FAD charge transfer complex 
is formed in the dead time. Reduction of FAD, at a limiting rate of 250 s-l, is observed as a decrease 
at 460 nm and an increase at 670 nm (FADH--NADP+ charge transfer). Subsequent passage of electrons 
from FADH- to the disulfide (increase at 460 nm and a decrease at 670 nm) is very slow (6-7 s-‘) and 
concentration independent in H439A. The monophasic oxidative half-reaction is very slow, as expected 
for reduced H439A. The limiting rate of the reductive half-reaction in wild-type enzyme is independent 
of the NADPH concentration and determined to be 110 s-l, while the limiting rate of the oxidative half- 
reaction has been estimated as 490 s-l, and is dependent on the glutathione disulfide concentration. Thus, 
the acid-base catalyst participates in the disulfide reduction step by stabilizing the nascent thiolate and 
in the oxidative half-reaction by protonating the dissociating glutathione thiolate anion. Both roles are 
consistent with proposed mechanisms. 

Glutathione reductase catalyzes the reduction of glu- 
tathione disulfide by NADPH. It is a member of the pyridine 
nucleotide disulfide oxidoreductase family of homodimeric 
flavoenzymes, having a redox active disulfide and an FAD 
cofactor in each monomer (Williams, 1992). The steps in 
the reductive half-reaction are shown in Scheme 1, where 
species I1 is an NADPH-FAD charge transfer complex; 
species I11 is an FADH--NADP+ charge transfer complex; 
NADP+ is replaced by NADPH to give species 1V and V; 
and reduction of the disulfide gives species VI, the thiolate- 
FAD charge transfer complex. NADPH enhances the 
thiolate-flavin charge transfer while NADP+ lowers the 
transition energy, shifting the band to longer wavelengths 
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(Williams et al., 1976). These spectral observations are a 
consequence of the fact that the pyridinium ring of NADPH 
or NADP’ and the isoalloxazine ring of FAD are parallel to 
one another as shown in Figure 7 (Karplus & Schulz, 1987) 
and thus interact electronically. FAD and NADP+ may act 
as a single acceptor in the charge transfer interaction in which 
the nascent thiolate is the donor. NADPH and thiolate are 
both donors to the FAD in species VI. 

The reductive half-reaction was investigated by Huber and 
Brandt (1980) using the yeast enzyme at pH 7.6 and 5 OC. 
They observed three steps spectrally: the first, complete in 
the dead time of the apparatus (5 ms), was attributed to the 
formation of an NADPH-FAD charge-transfer complex. The 
second step, detected as an increase at 420 nm, had a limiting 
rate constant of 153 s-’ showing saturation kinetics (KD = 
8.3 pM). This step displayed a kinetic isotope effect of 2.7 
with (4s>-[2H]NADPH which indicated that C-H bond 
breakage in NADPH takes place at this step. However, the 
increase at 420 nm and the lack of change at 460 nm would 
not be the expected spectral changes in flavin reduction. The 
third kinetically detectable step, forming the 540 nm absor- 
bance characteristic of the thiolate-flavin charge transfer 
complex of 2-electron reduced enzyme, species VI, had a 
rate constant of 68 s-l and was thus rate limiting in the 
overall half-reaction. NADP+ dissociation and NADPH 
binding precede or are concomitant with this step (Huber & 

0006-2960/94/0433- 13888$04.50/0 0 1994 American Chemical Society 



Glutathione Reductase Half-Reactions Biochemistry, Vol. 33, No. 46, 1994 13889 

Scheme 1 : Intermediates in the Reductive Half-Reaction" 
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Species I1 is the NADPH-FAD charge transfer complex. Species I11 is the FADH--NADP+ charge transfer complex. Species VI is the 

thiolate-FAD charge transfer complex. Dashed lines with arrow head are from the donor to the acceptor of the complex. For a discussion of the 
water molecule hydrogen bonded to imidazole N3, see Karplus and Schulz (1987), and for the putative mode of expulsion of the hydroxide ion 
implied in the transition from species I1 to species 111, see Williams (1992). 

Scheme 2: Intermediates in the Oxidative Half-Reaction" 
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Numbering of the species is consecutive with Scheme 1. Thus, species VI1 is the thiolate-FAD charge transfer complex. Species X and XI 

are the mixed disulfide. A water molecule is hydrogen bonded to imidazole N3 in oxidized enzyme (Karplus & Schulz, 1987). 

Brandt, 1980), and NADPH enhancement of thiolate-flavin 
charge transfer constituted a large part of the change at 540 
nm. 

Cys42 (numbering of the Escherichia coli enzyme) reacts 
with glutathione disulfide and Cys4' interacts with the FAD 
(Williams, 1992) as shown in Scheme 2. The first step in 
the reaction of glutathione disulfide with species IX is the 
formation of a mixed disulfide between Cys4* and one 
glutathione (species X). The major role of the acid-base 
catalyst, the imidazolium of a histidine residue, is the 
protonation of the thiolate anion of the first molecule of 
glutathione to dissociate (species X to species XI), thereby 
suppressing the back reaction, Le., attack of unprotonated 

glutathione on the mixed disulfide (species X to species IX) 
(Wong et al., 1988). The mechanism proposed for glu- 
tathione reductase in schemes 1 and 2 is based on an earlier 
version whch suggested an additional role for the active site 
acidhase catalyst in the transfer of electrons from FADH- 
to the disulfide by stabilization of the nascent thiolate anion 
of Cys4' in species VI (Arscott et al., 1981). The rate of 
electron transfer from FADH- to disulfide has been shown 
to be diminished in the closely related enzyme, lipoamide 
dehydrogenase, where the acid-base catalyst has been 
altered (Williams et al., 1989; Benen et al., 1991). We 
present here data supporting this additional role in glutathione 
reductase. 
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MATERIALS AND METHODS 

Site-directed mutagenesis of the gor gene from Escherichia 
coli that codes for glutathione reductase was effected, 
transformed cells were grown, and glutathione reductase was 
purified as previously described (Deonarain et al., 1989). The 
C47S/H439A1 mutant was constructed from the C47S and 
H439A single mutants by the procedure used to construct 
the C42AM439A mutant (Deonarain et al., 1990). Enzyme 
concentration is expressed as the concentration of enzyme- 
bound FAD using an extinction coefficient of 11 300 M-' 
cm-I at 462 or 460 nm for wild-type and H439A, respec- 
tively. The extinction coefficient of the mutants was 
determined by removing the bound FAD using either 5 M 
guanidine hydrochloride or 2% SDS and comparing the 
resulting absorbance at 448 nm to that of free FAD and wild- 
type enzyme under the same conditions. NADPH, GSSG, 
and the Good buffers were of analytical grade and obtained 
from Sigma Chemical Co. 

Steady State Kinetics. Steady state assays used the Good 
buffers, thereby avoiding the competitive ligand binding in 
the pyridine nucleotide-binding site which has been observed 
for the phosphate ion (Staal & Veeger, 1969). All assays 
were done in triplicate with SD < f 1 0 %  and in a 2 mL 
final volume, at 25 "C, with 0.3 mM EDTA and 100 mM 
buffers as follows: pH 5.6 MES; pH 6.2-8.1 HEPES; pH 
8.7-9.3 CHES; pH 9.8 CAPS. Initial velocities of oxidation 
of 100 pM NADPH were measured at 340 nm using an 
extinction coefficient of 6220 M-' cm-'. Six concentrations 
of the variable substrate, GSSG were used. The resulting 
tumover numbers at each pH, expressed as mol NADPH 
oxidized per minute per mol of enzyme-bound FAD, versus 
concentration of the varied substrate were fit to a rectangular 
hyperbola using a program written in ASYST (L. D. Arscott 
and C. H. Williams, Jr., unpublished results) to give V,, 
and an apparent K,. These values were then graphically 
fitted to equations assuming either one or two pKa values, 
using a fitting routine similar to that described below. 

Rapid Reaction Kinetics. The rapid kinetics of both wild- 
type and H439A glutathione reductase were measured in a 
stopped-flow spectrophotometer designed by Arscott and 
Ballou, University of Michigan, and built in the VA 
laboratory. The optical path is 2 cm. A quartz light pipe 
directs half the emerging light beam to a Tracor Northem 
TN-6500 rapid scan spectrometer with diode array detector 
(350-700 nm) and the other half via a double monochro- 
mator (variable wavelength) to a photomultiplier tube detec- 
tor. The dead time of the instrument is 4 ms, and the scan 
time of the diode array is 5.4 ms. The photomultiplier tube 
output is interfaced to a Gateway2000 486/33C computer 
through a Data Translation DT2801-A high speed data 
acquisition board. Software for data acquisition was written 
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Abbreviations: E,,, oxidized enzyme; EH2, 2-electron reduced 
enzyme; E&, 4-electron reduced enzyme; GSH, glutathione; GSSG 
(or gssg), glutathione disulfide; HEPES, N-(2-hydroxyethyl)piperazine- 
N1-(2-ethanesulfonic acid); MES, 2-(N-morpholino)ethanesulfonic acid; 
CHES, 2-(N-cyclohexylamino)ethanesulfonic acid; CAPS, 3-(cyclo- 
hexylamine)-1-propanesulfonic acid. Site-directed mutation of glu- 
tathione reductase: H439A or H439Q, with histidine-439 replaced with 
an alanine or glutamine residue, respectively; C42A, with cysteine-42 
replaced with an alanine residue; C42A/H439A, with cysteine-42 and 
histidine-439 replaced with alanine residues; C47S, with cysteine-47 
replaced with a serine residue; C47S/H439A, with cysteine-47 and 
histidine-439 replaced with a serine and an alanine residue, respectively. 

in ASYST. The data were analyzed by fitting either to a 
single or to a sum of multiple exponents (Marquardt, 1963) 
using a program written in PASCAL in Dr. D. A. Ballou's 
Laboratory, University of Michigan. The resulting observed 
rate constants (kobs) were fitted to a rectangular hyperbola 
to determine the maximum rate constant under conditions 
of saturating and the apparent Kd. All reactions were done 
anaerobically (Williams et al., 1979). The concentration of 
glutathione reductase after mixing was 8-15 pM. Both 
wild-type glutathione reductase and H439A were reduced 
by tipping 5-8 mL of the enzyme buffered with 0.05 M 
HEPES, pH 7.6 from the main space of an anaerobic 
tonometer into the side arm containing sodium borohydride 
dissolved in 10 p L  of 0.2 N NaOH (ca. 50-fold excess over 
enzyme-FAD). This last step ensures that there is a precise 
amount of reductant, since over-reduction to the E& form 
occurs in some of the mutants studied. The rate of hydrolysis 
of borohydride at pH 7.5 is 0.03-0.04 s-' (Davis & Swain, 
1960), thus the rate of enzyme reduction to EHz must be 
balanced against the rate of borohydride hydrolysis so that 
EHz is fully formed and excess borohydride is hydrolyzed 
before the reaction with GSSG. All reactions were at 4 "C 
except the oxidative half-reaction of H439A with GSSG, 
which was at 25 "C. Both the reduction with NADPH and 
oxidation with GSSG were initiated by rapidly mixing equal 
volumes of enzyme with either of these reactants. 

RESULTS 
Kinetic Parameters as a Function of pH. The catalytic 

properties of the H439A (Deonarain et al., 1989) and H439Q 
(Berry et al., 1989) mutants have been published. They 
showed k,, values of 0.3% and 1%, respectively, compared 
with wild-type enzyme, at pH 7.6. The change of the acid- 
base catalyst effected in H439A eliminated the possibility 
of H-bonding allowed in H439Q. The very low k,, values 
demonstrate the crucial function played by the histidine 
residue and suggest that a glutamine residue only minimally 
replaces this function. It is not possible to accurately 
determine the K, for NADPH spectrophotometrically since 
it is less than 2 pM (Berry et al., 1989; Deonarain et al., 
1989). We have extended this study by evaluating the effect 
of pH on the kinetic parameters to describe the function of 
the histidine more fully by replacing it with a nontitratable 
residue. Figure 1A shows a bell-shaped profile for kcatgssg 
as a function of pH, with pKa values of 6.3 and 7.6 associated 
with the enzyme-substrate complex. The pH optimum is 
6.9. Figure 1B shows kcatgssg/Kmgssg as a function of pH for 
H439A, indicating a pKa of 7.4 for the free enzyme (or free 
glutathione disulfide). 

The Reductive Half-Reaction for  H439A and Wild-Type 
Glutathione Reductase. The expected decrease in absorbance 
at 460 nm was not observed in the step attributed to the 
reduction of the flavin in the previous study of the reductive 
half-reaction (Huber & Brandt, 1980). We suggest, based 
on the experiments reported here, that this was because the 
rate of flavin reoxidation was of the same order of magnitude 
as the rate of FAD reduction. Reduction of H439A by 
NADPH, in contrast with the wild-type enzyme, allows direct 
observation of flavin reduction. The results are shown in 
Figure 2 and Scheme 1 depicts the reductive half-reaction. 
The NADPH-FAD charge transfer complex (species 11) is 
formed in the dead time of the instrument. The spectrum 
of the NADPH-FAD charge transfer complex is not shown. 
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FIGURE 1: Dependence of V,, and V,,,/K, of H439A on pH. All 
data points are extrapolated from plots of rate vs [GSSG] as the 
variable substrate, with NADPH at a saturating concentration of 
100 pM. (A) Dotted line represents a best fit theoretical bell-shaped 
curve with pK1 = 6.32 f 0.06 and pK2 = 7.61 * 0.03. (B) Dashed 
line represents the best fit to a single proton ionization with pK1 = 
7.4 f 0.2. 

It can be approximated by back-extrapolation and has slightly 
diminished absorbance at 460 nm and increased absorbance 
at 590 nm (Massey et al., 1970). (This species is prominent 
in the experiment of Figure 4.) 

Reduction of FAD in H439A is observed at two wave- 
lengths, as a decrease at 460 nm and as an increase at 670 
nm, indicating formation of an FADH--NADP+ charge 
transfer complex (species 111). Spectrum 2 is a scan 
completed at 9.4 ms (4 ms dead time + 5.4 ms scan time), 
and spectra 3 and 4 show further progression of FAD 
reduction. Subsequent passage of electrons from FADH- 
to the disulfide, observed as an increase at 460 nm and 525 
nm and a decrease at 670 nm, is shown in curves 5 and 6 of 
Figure 2 (species VI). It is the slow rate of flavin reoxidation 
and disulfide reduction that allows direct observation of the 
preceding FAD reduction. It should be noted that between 
30 and 120 ms (time lapse between spectra 4 and 5) there is 
no further flavin reduction (inset of Figure 2) .  Considerable 
oxidized flavin remains (curve 4) in this reaction with only 
1 equiv of NADPH, as expected. At higher ratios of 
reductant to enzyme, the 460 nm peak is further diminished. 

The kinetics of the reaction are shown in the inset of Figure 
2 on a time scale of 1 s. The rate of FAD reduction is 
dependent on the NADPH concentration and is 250 s-l at 
infinite NADPH (Table 1). The rate of FADH- reoxidation 
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FIGURE 2: Reaction of H439A with NADPH. Anaerobic reduction 
of 10 pM H439A with 10 pM NADPH (concentrations are after 
mixing) in 0.05 M HEPES buffer, pH 7.6, 4 "C. Times in ms for 
each curve are as follows: 1, oxidized; 2, 9.4; 3, 14.8; 4, 31.1; 5, 
117.4; 6, 275. The order of the spectra from bottom to top at 650 
nm is 1, 6, 5, 2, 3, and 4. The signal to noise ratio was good at 
wavelengths greater than 400 nm, but the data have been smoothed 
to allow better discrimination between spectra. Inset: kinetic traces 
with fitted curves. Curves: 1, 460 nm; 2, 525 nm; 3, 670 nm. 

is very slow, 6.7 s-l, and is rate-limiting in the overall half- 
reaction. This rate is independent of the NADPH concentra- 
tion, as would be expected for an intramolecular electron 
transfer step. The disparate rates are clearly seen in curves 
1 and 3 which show data from 460 nm and 670 nm (Figure 
2, inset). The change at 525 nm (curve 2, Figure 2, inset) is 
small in the fast phase, but the formation of the thiolate- 
FAD charge transfer complex is clearly seen at this wave- 
length, and the rate is the same as that of the slow phase 
observed at the other two wavelengths. 

The transfer of electrons from reduced flavin to the 
disulfide is fast in the reductive half-reaction of wild-type 
glutathione reductase, in contrast with the slow rate observed 
with H439A. Thus, in wild-type enzyme, direct observation 
of FAD reduction is obscured by its reoxidation. The data 
shown in Figure 3 are from a reaction of 1 equiv of NADPH 
per enzyme FAD. At no point in the time course is the 
absorbance at 460 nm low, as would be associated with 
reduced flavin. In the 440-460 nm region, two phases are 
discernible after the deadtime spectrum, curve 2: 2 to 3 to 
4 where the extinction drops and the peak position shifts 
very slightly to lower wavelengths and 4 to 5 to 6 where the 
extinction rises and the peak position shifts approximately 
7 nm further to lower wavelengths. At 540 nm, the 
absorbance rises in a biphasic manner. Both wavelengths 
then indicate at least two processes following the initial 
spectrum. 

The kinetics at three wavelengths are shown in the inset 
to Figure 3. Curve 1 at 440 nm indicates the end of a very 
fast process at 330 s-l, followed by another fast reaction at 
270 s-l and finally a slow change at 14 s-l. This pattern is 
confirmed by the data at 670 nm albeit with a low signal to 
noise ratio. The rates are 310, 245, and 6.5 s-l. Curve 2,  
with the highest signal to noise ratio, represents the data at 
525 nm, giving rates of 110 and 10 s-' (Table 1). Briefly, 
the rapid reactions are FAD reduction, displacement of 
NADP+ by NADPH, and flavin reoxidation. We would 
argue that FAD reduction is largely cancelled in this time 
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Wavelength (nm) 
FIGURE 3: Reaction of wild-type glutathione reductase with NADPH. Anaerobic reduction of 7.3 pM enzyme with 9.4 pM NADPH (after 
mixing) in 0.05 M HEPES buffer, pH 7.6, 4 "C. Times in ms for each curve are as follows: 1, oxidized; 2, 9.4; 3, 14.8; 4, 20.2; 5, 25.7; 
6, 117.8. The signal to noise ratio was good at wavelengths greater than 400 MI, but the data have been smoothed to allow better discrimination 
between spectra. Inset: kinetic traces with fitted curves. Wavelength and full scale absorbance difference are, respectively, as follows: 
curve 1, 440 nm, 0.027; curve 2, 525 nm, 0.042; curve 3, 670 nm, 0.007. 

Table 1: Rate Constants for the Reductive Half-Reaction" 
ki (s-l) k2 (s-') k3 ( s - ' )  

H439A 
460 nm 250 6.8 
525 nm 6.1 
670 nm 220 7.3 

440 nm 330 270 14 
525 nm 110 10 
670 nm 310 245 6.5 

wild type 

'Formation of the NADPH-FAD charge transfer complex is 
fast-complete in the deadtime of the instrument. 

frame in the 420-460 nm region by the subsequent fast 
processes. The rate of FAD reduction is dependent on the 
NADPH concentration, and the rates in Table 1 are limiting 
values. The rates of 270 and 245 s-l measured at 440 and 
670 nm, respectively, are associated primarily with displace- 
ment of NADP' by NADPH, while that of 110 s-l 

determined at 525 nm is associated with flavin reoxidation 
and formation of thiolate-FAD charge transfer. 

The reductive half-reaction was investigated for several 
other altered forms of glutathione reductase, C42A, C42M 
H439A, C47S, and C47S/H439A, none of which has a redox 
active disulfide. It was thought that this would allow 
measurement of the rate of flavin reduction, as subsequent 
electron transfer to the disulfide cannot occur. In all cases 
there was rapid reduction of the FAD, but the extent of 
reduction was only approximately 10% (cf. Vanoni et al., 
1990). Figure 4 shows the reaction of 50 equiv of NADPH 
with C47S at pH 6.1. Because of the limited extent of the 
reaction, the rates could only be estimated: C42A, 250 f 
20 s-'; C42A/H439A, 280 f 40 s-l; C47S, 375 f 80 S K I ;  

0.1 j 
3 

7 
350 400 450 500 550 600 

Wavelength (nm) 

FIGURE 4: Reduction of C47S by NADPH. Anaerobic reduction 
of 23.4 pM C47S with approximately 50 equiv of NADPH 
(concentrations are after mixing) in 0.05 M HEPES buffer, pH 6.1, 
4 "C. Times in ms for each curve are as follows: 1, oxidized; 2, 
9.4; 3, 14.8; 4.58.2. Inset: kinetic traces are offset 4 ms to reflect 
the dead time, fitted curves extrapolate to zero time. Wavelength 
and full scale absorbance difference are, respectively, as follows: 
curve 1, 610 nm, 0.030; curve 2, 446 nm, 0.070. 

C47S/H439A, 280 f 30 s-l. Thus, the rate of flavin 
reduction is approximately 300 s - I  in wild-type enzyme and 
in all of the mutants. At equilibrium, the absorbance at 590 
nm due to the NADPH-FAD charge transfer complex is 
prominent (species 11). 

Thus, the redox potential of the FAD in forms of 
glutathione reductase lacking the disulfide is very low, -449 
mV at pH 8.4 for C47S, as estimated by equilibration with 
methyl viologen using the xanthine/xanthine oxidase system 
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FIGURE 5: Oxidation of borohydride-reduced H439A with glu- 
tathione disulfide. Anaerobic reaction of 8.8 p M  reduced enzyme 
with 50.0 pM GSSG (after mixing) in 0.05 M HEPES buffer, pH 
7.6, 25 "C. Time in s for each curve are as follows: 1 ,  reduced 
enzyme; 2, 2.0; 3, 4.6; 4, 10.1; 5, 21.2. Inset: kinetic traces with 
fitted curves. Wavelength and full scale absorbance difference are, 
respectively, as follows: 1, 460 nm, 0.050; 2, 525 nm, 0.060. 

as the electron source (Massey, 1990). This would indicate 
a potential of -366 mV at pH 7.0 or approximately 38 mV 
more negative than the potential of NADPH at pH 7.0 (Engel 
& Dalziel, 1967). The low pH should give a greater extent 
of reaction since the relative redox potentials of the NADP+/ 
NADPH and FAD/FADH2 couples become more favorable 
for FAD reduction at low pH (Matthews & Williams, 1976). 
However, the observed equilibrium at pH 6.1 is even less 
favorable than would be predicted on the basis of the redox 
potential, suggesting an influence on the potential due to 
differential binding of pyridine nucleotide to the oxidized 
and reduced enzyme forms. 

Oxidative Half-Reaction of H439A and Wild-Type Glu- 
tathione Reductase. The oxidative half-reaction mixing 
borohydride-reduced H439A and glutathione disulfide is 
monophasic and at 25 "C is very slow with a limiting rate 
of 0.82 s-l under conditions of saturating glutathione 
disulfide (Figure 5). This contrasts with the wild-type 
enzyme, where the same reaction measured at 4 "C has a 
limiting rate of 490 s-l or at least 600-fold faster than the 
H439A mutant enzyme, without considering the 21 "C 
difference in temperature (Figure 6). The turnover number 
for the yeast enzyme has been determined at 5 and at 25 "C, 
and the difference is 7.6-fold (Williams, 1992). This 
provides a reasonable temperature correction to be applied 
to the rate of reoxidation of wild type enzyme suggesting a 
rate at 25 "C of 3900 s-l. Clearly, the acid-base catalyst 
is crucial in this half-reaction. As proposed previously, it 
is likely that it serves to protonate the thiolate anion of the 
first departing molecule of glutathione, thereby inhibiting 
the back-reaction-attack of glutathione thlolate on the mixed 
disulfide between the other glutathione and Cys4* (species 
X and IX, Scheme 2) (Wong et al., 1988). 

DISCUSSION 

The acid-base catalyst in glutathione reductase and 
lipoamide dehydrogenase is a histidine residue (Figure 7). 
Altered forms of these enzymes have been prepared by site- 
directed mutagenesis of this residue (Deonarain et al., 1989, 
1990; Williams et al., 1989; Benen et al., 1991). In all cases 

0.0 0.1 0.2 0.3 
Time Is) 

400 450 500 550 600 650 
Wavelength (nm) 

FIGURE 6: Oxidation of borohydride reduced wild-type glutathione 
reductase with glutathione disulfide. Anaerobic reaction of 8.5 pM 
reduced enzyme with 20.0 p M  GSSG (after mixing) in 0.05 M 
HEPES buffer, pH 7.6, 4 OC. Time in ms for each curve are as 
follows: 1, reduced enzyme; 2, 9.4; 3, 14.8; 4, 20.2; 5, 36.5; 6, 
74.4. Inset: kinetic traces with fitted curves. Wavelength and full 
scale absorbance difference are, respectively, as follows: 1, 462 
nm, 0.035; 2, 525 nm, 0.035. 

'w 
B 

FIGURE 7: Representation of the active site of glutathione reductase. 
The view is from the si side and the pyrimidine ring end of the 
isoalloxizine ring, with His&', CysS8, and Cys63 in the foreground 
and the pyridinium ring in the background. A. The following 
atoms have been marked: sulfurs of Cy@ and C Y S ~ ~ ,  N3 of His467, 
C4a of the isoalloxazine ring, and C4' of the pyridinium ring. B. 
Stereo. The representations are from Sybyl software, Tripos 
Associates, Inc., using the human erythrocyte glutathione reductase 
structure (Karplus & Schulz, 1987). 

the activity is diminished in excess of 100 fold. In lipoamide 
dehydrogenase, the acid-base catalyst serves to deprotonate 
dihydrolipoamide, creating a nucleophilic thiolate for attack 
on the enzyme disulfide, and stabilizes the resulting enzyme 
thiolate (Matthews & Williams, 1976). The acid catalyst in 
glutathione reductase stabilizes the enzyme thiolate as it 
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attacks glutathione disulfide and protonates the fust departing 
glutathione molecule (Wong et al., 1988; Deonarain et al., 
1990). Thus, the catalyst in both enzymes functions in the 
first half of the dithiol-disulfide interchange. But, in 
stabilizing the enzyme thiolate, the imidazolium potentially 
functions in FAD reduction in lipoamide dehydrogenase or 
in flavin reoxidation in glutathione reductase (Arscott et al., 
1981). Such a subsidiary role has been demonstrated in 
lipoamide dehydrogenase (Williams et al., 1989; Benen et 
al., 1991), and the present study seeks to extend the analogy 
to glutathione reductase. 

The pH dependence of kcatgssg gives a pH optimum of 6.9 
for the remaining activity of M439A. Activity is dependent 
on deprotonation of a residue with an apparent PKa of 6.3 
and on protonation of a residue with an apparent pK, of 7.6 
(Figure 1A). The pKa values are associated with groups on 
the EH2-GSSG complex. The pH dependence of kcatgssgl 
Kmgssg reveals a protonated group on EH2 (or free glutathione 
disulfide) required for activity and having an apparent PKa 
value of approximately 7.4 (Figure 1B). 

The most notable feature of the data from H439A is that 
any pKa at 9.2 attributable to the acid-base catalyst is 
missing, as expected (Figure 1). The PKa of 7.4-7.6 is 
probably the unidentified group observed in the yeast and 
erythrocyte enzymes with pKa values of 7.8-8.4. Altema- 
tively, it could reflect the ionization of the y-glutamyl moiety 
of glutathione disulfide. Finally, the pKa of 6.3 is attributed 
to one of the thiols.2 The pKa is nominally higher than in 
the yeast enzyme (6.2) because His439, a factor contributing 
to the low pKa values of the thiols, has been replaced. 
However, two other factors that remain are important in 
stabilizing the thiols as thiolates (Karplus & Schulz, 1989): 
the dipole created by the a-helix beginning with the loop 
containing the thiols (the positive end, amino-terminus) and 
hydrogen bonding to (erythrocyte numbering). 

Removal of the active site acid-base catalyst by replacing 
His439 with an alanine residue has its major effect on the 
oxidative half-reaction, as would be expected (cf. Figures 5 
and 6). The rate of reoxidation of borohydride-reduced 
H439A is slowed by at least 600-fold relative to the same 
reaction in wild-type glutathione reductase. It should be 
mentioned that the residual activity in H439A is not 
unexpected, since a needed proton can always be supplied 
by the solvent, albeit inefficiently (Deonanian et al., 1989). 

Intermediates in the oxidative half-reaction are depicted 
in Scheme 2 in which the numbering is consecutive with 
Scheme 1. Species VI1 is an EH2 form rather than the EH- 
form used in a similar representation of this half-reaction 
(Wong et al., 1988) because the pKa for the deprotonation 
of EH2 appears to be higher than the pH optimum for 
catalysis. The pKa associated with the transition between 
EH- and EH2 can, in principle, be detected by measuring 
the pH dependence of the enzyme redox potential (EEH2). 
The pKa for this transition is 7.4 for glutathione reductase 
from yeast (Arscott et al., 1991). With the enzyme from E. 
coli, the change in slope is less clear, but the pKa is higher 
than with the yeast enzyme, perhaps as high as 8.6 (Veine 
et al., 1994). Therefore, with the E. coli enzyme, EH2 is 
the major reactive species, given the pH optimum of 
approximately 7 for both enzymes. Species VII is the major 
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EH2 species at equilibrium, with the protons depicted on the 
acid-base catalyst and the interchange thiol, C Y S ~ ~ ,  the two 
groups having the highest pKa values. After glutathione 
disulfide binding (species VIII), and before nucleophilic 
attack, the interchange thiol must be deprotonated (species 
IX). Formation of the mixed disulfide follows (species X). 
The data of Wong et al. (1988) suggest that the back-reaction 
(species X to IX) is facile. The major function of the acid 
catalyst then is to protonate the departing glutathione, after 
which the acid-base catalyst is reprotonated by the Cys47 
thiol (species X to XI). The reaction species XI to species 
XI1 includes the first step in the second thiol-disulfide 
interchange, breakdown of the mixed disulfide, and reforma- 
tion of the enzyme disulfide. The thiolate of the second 
glutathione is protonated (species XII to XIII) and glutathione 
dissociates (species XI11 to I). In H439A, with the imida- 
zolium proton no longer available, the rate of the back 
reaction is significant (species X to species IX); that is, the 
nascent ionized glutathione can attack the mixed disulfide 
formed between the other glutathione and the interchange 
thiol of the enzyme, Cys42 (Wong et al., 1988). 

Tuming to the reductive half-reaction, the rate of intramo- 
lecular electron transfer from FADH- to the active site 
disulfide in H439A is reduced 16-fold compared with wild- 
type enzyme. This indicates that the acid-base catalyst plays 
a role in the disulfide reduction step consistent with the 
mechanism proposed previously (Arscott et al., 1981). A 
similar observation has been made with the closely related 
enzyme, lipoamide dehydrogenase (Williams et al., 1989; 
Benen et al., 1991). This slowing of the rate of reoxidation 
of reduced flavin allows direct observation of the preceding 
step, FAD reduction in H439A (Figure 2 and Scheme 1). 
This reaction is largely obscured in wild-type enzyme since 
it is followed by rapid flavin reoxidation. Concurrent 
displacement of NADPf by NADPH further obscures flavin 
reoxidation in wild type enzyme (Bulger and Brandt, 1971). 
The product of FAD reduction is the FADH--NADP+ 
charge transfer complex (species 111), and its formation can 
be clearly observed in H439A at 670 nm. The slow 
reoxidation of reduced flavin at only 6.7 s-l is easily 
measured at 460 and 670 nm. The thiolate-FAD charge 
transfer complex forms as the disulfide is reduced and a 
proton is transferred from the flavin-interacting thiol, C Y S ~ ~ ,  
to the interchange thiol, C Y S ~ ~ .  Figure 7 shows that the 
pyridinium and isoalloxazine rings are stacked and thus can 
form a unified acceptor for the thiolate donor. NADPH 
enhances the thiolate-FAD charge transfer extinction at 540 
nm (species VI), while NADP+ causes a shift to 580 nm 
(Williams et al., 1976). 

The insights gained in the study of the H439A reductive 
half-reaction allow a more complete interpretation of the 
same reaction in wild-type enzyme. Since the absorbance 
at 460 nm would decrease on reduction of FAD and increase 
on reoxidation of flavin, and since they are happening at 
sequential rates in excess of 100 s-l, there will be very little 
net change in the 440-460 nm region (Figure 3). The 
changes can be seen in two spectral phases, curves 2 to 3 to 
4 (down) and curves 4 to 5 to 6 (up and shift to shorter 
wavelengths). That there has been extensive flavin reoxi- 
dation in the fnst 20 ms is obvious from the kinetics observed 
at 525 nm. The increase in absorbance at 525 nm reflects 
primarily the formation of the thiolate-FAD charge transfer 
complex (species VI, Scheme 1). With a rate constant of 
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110 s-l, more than 7/8 of the extinction change is complete 
within 20 ms. This is not obscured either by the formation 
of the NADPH-FAD charge transfer complex (species 11) 
which is complete in the dead time or by the FADH-- 
NADP+ charge transfer complex (species 111) which absorbs 
minimally at 525 nm (Massey & Palmer, 1962). In an effort 
to observe FAD reduction without the subsequent flavin 
reoxidation, mutants lacking the disulfide (e.g., C47S) were 
utilized, albeit with a very unfavorable equilibrium (Figure 
4). The rate of reduction is approximately 300 s-I, as is the 
case with wild-type glutathione reductase. C47S and other 
forms lacking the disulfide offer an opportunity to observe 
the NADPH-FAD charge transfer complex absorbing 
maximally at 590 nm since the equilibrium between it and 
the FADH--NADP+ charge transfer complex favors the 
former (species I1 and 111). 

The experiments reported in this paper illustrate the utility 
of using altered forms of an enzyme to study reactions in 
the catalytic path that are inaccessible in the wild-type 
enzyme. Not only does this reveal the steps in which the 
altered residue is involved, but it can allow measurement of 
steps which are otherwise too fast for the rates to be 
determined. H439A, with the acid-base catalyst removed, 
is severely limited in certain steps of catalysis. This 
confirmed the obvious involvement of the acid-base catalyst 
in the oxidative half-reaction, but also demonstrated its 
involvement in the transfer of the reducing equivalent from 
reduced flavin to the redox active disulfide. The rapid rate 
of this step obscured the measurement of the rate of FAD 
reduction in wild-type enzyme but the rate of this step was 
easily determined in H439A. 
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