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Lipoamide Dehydrogenase from Pig Heart. Pyridine Nucleotide Induced 
Changes in Monoalkylated Two-Electron Reduced Enzyme? 
Colin Thorpef and Charles H. Williams, Jr.* 

ABSTRACT: Two-electron reduced lipoamide dehydrogenase 
from pig heart reacted with iodoacetamide was monoalkylated 
almost exclusively in the nascent thiol nearer the amino ter- 
minus of the protein. The charge-transfer absorbance, max- 
imal at 530 nm, characteristic of the two-electron reduced 
enzyme was lost as the alkylation proceeded, and the product 
had a spectrum similar to that of the oxidized enzyme. 
Treatment of the derivative with NAD+ causes spectral 
changes which are consistent with the partial formation of an 
adduct at the C(4a) position of the flavin. The unmodified 
nascent thiol is the presumed substituent in this adduct. Only 
1 mol of NAD+ was bound per protein dimer [Thorpe, C., & 
Williams, C. H., Jr. (1976) J. Biol. Chern. 251,3553-3557, 
7726-77281. We have measured the apparent dissociation 
constant for NAD' and the extent of adduct formation from 
pH 5.0 to 8.8. The reaction is 40-50% complete above pH 
6.0 while the apparent KD increases to a maximum of 370 NM 

%e flavoprotein pig heart lipoamide dehydrogenase (re- 
duced-NAD+:lipoamide oxidoreductase, EC 1.6.4.3) catalyzes 
the reversible oxidation of dihydrolipoamide by NAD+ via the 
half-reactions (Massey et al., 1960)' 

E + Lip(SH), s EH, + Lips, 

EH2 + NAD+ E + NADH + H+ 

In addition to FAD, the enzyme contains a redox-active cystine 
bridge which is reduced by Lip(SH)2 to yield the catalytic 
intermediate EH2 (Massey, 1963; Sanadi, 1963; Williams, 
1976). The red color of this two-electron reduced form is 
thought to represent a charge-transfer complex between ox- 
idized flavin as the acceptor and a thiolate anion donor, derived 
from reduction of the active-center disulfide bond (Kosower, 
1966; Massey & Ghisla, 1974) (eq 1). Recent studies from 

this laboratory suggest the presence of an essential base in the 
active site of lipoamide dehydrogenase which stabilizes this 
thiolate residue at the EH2 level (Matthews & Williams, 1976; 
Matthews et al., 1977). 

The two thiol moieties, shown in eq 1, exhibit widely dif- 
ferent reactivities toward iodoacetamide, allowing a monola- 
beled derivative of EH, to be prepared which is alkylated at 
the active-site cysteine residue closest to the amino terminus 
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at pH 6.8 and then declines to 35 pM at pH 8.8. The NAD' 
analogue 3-aminopyridine adenine dinucleotide (AAD') in- 
duces a spectral band at 580 nm in the monoalkylated de- 
rivative typical of charge-transfer complexes observed in li- 
poamide dehydrogenase. In these complexes thiolate is the 
donor and FAD is the acceptor. AAD' perturbs the spectrum 
of the native enzyme but does not produce a new band. Two 
molecules of AAD+ are bound per monoalkylated protein 
dimer at sites which are equivalent or near equivalent. These 
data suggest that NAD+ binding in one subunit induces adduct 
formation in that subunit and promotes changes in the other 
subunit which preclude tight binding of a second molecule of 
pyridine nucleotide. The interactions brought about by NAD' 
and AAD+ involving the unmodified thiolate and the flavin 
make it reasonable that the same thiol, that is the one nearer 
the carboxyl terminus of the protein, is responsible for in- 
teraction with the flavin in the native enzyme. 

of the protein (Thorpe & Williams, 1976a). Alkylation dis- 
rupts the chargetransfer interaction in EH2, and EHR exhibits 
a spectrum of oxidized bound flavin. This two-electron reduced 
derivative is air stable and inactive toward lipoamide sub- 
strates, since alkylation of a single residue prevents re-for- 
mation of the cystine bridge. However, several lines of evi- 
dence indicate that EHR retains a catalytically competent 
binding site for pyridine nucleotides; e.g., it has trans- 
hydrogenase activity at least as high as that of the native 
enzyme (Thorpe & Williams, 1976a). 

We have recently reported that NAD' promotes a very 
rapid, reversible, partial bleaching of the flavin chromophore 
of EHR at 450 nm, with a concomitant rise at 380 nm (Thorpe 
& Williams, 1976b). These spectral changes are compatible 
with the formation of a C(4a)-thio-substituted dihydroflavin 
derivative. Model studies suggest that such an adduct is a 
likely intermediate in the internal redox reaction between 
cysteine and FAD which is required for completion of the 
pyridine nucleotide half-reaction (Hemmerich, 1968; Ham- 
ilton, 1971; Loechler & Hollocher, 1975; Yokoe & Bruice, 
1975). 

One unexpected aspect of our studies was that the spectral 
effects observed were associated with binding of 1 molecule 
of NAD+ per 2 FAD molecules (Thorpe & Williams, 1976b). 
The native enzyme is a dimer of identical or near identical 
subunits each containing one FAD and one active center di- 

I Abbreviations used: E and EH,, oxidized and two-electron reduced 
lipoamide dehydrogenase. The abbreviation EHzR was previously used 
for the monolabeled derivative (Thorpe & Williams, 1976a,b). We have 
subsequently determined that alkylation of EH2 is accompanied by re- 
lease of a proton (see Materials and Methods), and thus EHR is a more 
appropriate abbreviation for this S-carboxamidomethyl derivative. Lips, 
and Lip(SH), refer to oxidized and reduced lipoamide, respectively. 
Pyridine nucleotide analogues are AcPyAD', 3-acetylpyridine adenine 
dinucleotide; NHD+, nicotinamide hypoxanthine dinucleotide; thio- 
NAD+, thionicotinamide adenine dinucleotide; AAD', 3-aminopyridine 
adenine dinucleotide. 
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sulfide bridge (Massey et al., 1962; Matthews et al., 1974). 
EHR is also dimeric, and all the available evidence shows that 
it is homogeneously labeled (Thorpe & Williams, 1976a,b). 
It therefore appeared that adduct formation was associated 
with the binding of one NAD' molecule per EHR dimer under 
the conditions employed. The object of the present work was 
to explore the interaction of pyridine nucleotides with EHR 
more fully, in our continuing efforts to define the chemical 
roles of the redox active cysteine residues in lipoamide de- 
hydrogenase and in the closely related enzyme glutathione 
reductase (Arscott et al., 1981). 

Materials and Methods 
Biochemicals. NAD', NADP', AcPyAD', NHD', thio- 

NAD', ADP-ribose, 3-pyridinecarboxaldehyde adenine di- 
nucleotide, and N-methylnicotinamide were obtained from 
Sigma. Enzyme was obtained from Miles Laboratories 
(Seravac Division). NAD' solutions were made up in 
glass-distilled water and standardized spectrophotometrically 
by conversion to NADH by using alcohol dehydrogenase 
(Dalziel, 1961). [~arbonyl-'~C]NAD' was obtained from 
Amershamf Searle and its purity checked before and after 
enzymatic reduction, using chromatography on DEAE-cellu- 
lose paper (Whatman DE81) with 0.2 M NH4HC03 as de- 
veloping solvent (Silverstein, 1970). 

AAD' was prepared essentially as described by Fisher et 
al. (1973). After the conversion of NAD' to AAD' had been 
stopped by neutralization, a small amount of radiolabeled 
NAD' was added to allow the separation of AAD' from 
unreacted NAD' on Dowex AG-l-X8 to be readily monitored. 
Complete separation was achieved by repeating this chroma- 
tographic step. The AAD' was recovered by lyophilization 
and freed from contaminating ammonium formate by gel 
filtration on a Sephadex G-10 column. 

Spectrophotometric Measurements. Spectra were recorded 
on a Cary 118C spectrophotometer interfaced to a PDP-8/E 
computer (Williams et al., 1979). This arrangement greatly 
facilitates comparison of spectra and the generation of dif- 
ference spectra. Fluorescence measurements at fixed wave- 
lengths were made by using a Turner Model 11 1 fluorometer 
connected to a Varian A-25 recorder. Primary and secondary 
filters were Bausch and Lomb 444 3812 band-pass and Turner 
2A- 12 sharp-cut, respectively. Fluorescence spectra were 
obtained by using an instrument designed and built by Dr. 
David Ballou, University of Michigan. 

Unless otherwise stated, all experiments were performed at 
15 " C  in buffers containing 0.3 mM EDTA. Enzyme con- 
centrations are expressed with respect to FAD content by using 
extinction coefficients of 11.3 mM-' cm-' at 455 nm for the 
native protein (Massey et al., 1962) and 11.1 mM-' cm-' at 
448 nm for EHR (Thorpe & Williams, 1976a). The derivative 
was prepared as described previously (Thorpe & Williams, 
1976b). 

Ligand Binding. Binding of NAD' to EHR was estimated 
by the gel filtration method of Hummel & Dreyer (1962), with 
[~urbonyl-'~C]NAD' as outlined earlier (Thorpe & Williams, 
1976b). A 14 X 0.5 cm Sephadex G-25 superfine column was 
constructed from glass tubing sealed at both ends with serum 
caps pierced with short lengths of 20-gauge stainless steel 
tubing. The column was immersed in a water bath at 15 O C .  
A constant flow rate of about 6.1 mL/h was maintained by 
a Manostat Cassette pump. The enzyme (30-35 nmol) was 
applied in 0.1 mL of 100 mM phosphate, pH 7.6, and 2-min 
fractions were collected into scintillation vials for counting 
using Aquasol-2 cocktail (New England Nuclear) in a Packard 
Tri-Carb liquid scintillation spectrometer. The NAD' bound 

to EHR was estimated from the radioactivity associated with 
the enzyme peak (Hummel & Dreyer, 1962). A similar 
procedure was used to determine AAD+ binding. Approxi- 
mately 12 nmol of enzyme FAD was added in 0.1 mL of buffer 
containing the same concentration of AAD' used to equilibrate 
the column for that experiment. The concentration of AAD' 
in each 2-min fraction was determined at 331 nm [c 3.09 mM-' 
cm-'; Fisher et al. (1973)l by using the microcell accessory 
to the Cary 118C instrument. The area of the trough following 
the enzyme peak was used to quantitate AAD+ bound to EHR 
(Hummel & Dreyer, 1962). 

Proton Release Studies. Anaerobic proton release exper- 
iments were performed by using the general techniques and 
apparatus described earlier (Matthews et al., 1977; Williams 
et al., 1979). A solution of oxidized native enzyme was dia- 
lyzed exhaustively against 50 mM NaCl and the pH adjusted 
to 7.4 by the careful addition of 10 mM NaOH. The enzyme 
(74 pM in 2.1 mL) was deoxygenated in the main space of 
an anaerobic cuvette apparatus; 40 pL of 22 mM iodoacet- 
amide in the same buffer was contained in a side arm protected 
from light by black tape. The enzyme was titrated with di- 
thionite in 50 mM NaCl until the concentration of EH2 
reached 62 pM; the spectrum was recorded. The dithionite 
syringe was replaced anaerobically by one containing phenol 
red in 50 mM NaCl and dye was added to the enzyme until 
the concentration reached 14 pM. Spectra were recorded 
immediately after addition and after a further 10 min to ensure 
that no oxygen had been introduced during these manipula- 
tions. The difference spectrum (EH, + dye) - (EH,), gen- 
erated by the computerized Cary 11 8C system (Williams et 
al., 1979), indicated that the visible spectrum of the dye was 
unaffected in the presence of the enzyme, and the ratio of the 
two absorption bands of the dye at 558 and 434 nm indicated 
that the pH of the solution before the addition of iodoacet- 
amide was 7.1. Iodoacetamide was then tipped into the main 
space, and after completion of the alkylation (1 h), the new 
spectrum was recorded; the difference spectrum (EH2 + dye) 
- (EHR + dye) was then generated. It differed from the 
difference spectrum of EH2 - EHR by a prominent distortion 
in the 560-nm region due to an increased proportion of pro- 
tonated dye after alkylation. The dye syringe was then re- 
placed anaerobically by one containing 1.04 mM NaOH in 
50 mM NaCl, and the enzyme solution was titrated until the 
shape of the difference spectrum (EH, + dye) - (EHR + dye) 
coincided with that of EH2 - EHR (Matthews et al., 1977). 
From the volume of base required to neutralize the protons 
liberated and by use of the pK value of 7.9 for the ionization 
of EH, to EH-, a value of 0.7 proton liberated per molecule 
of EH, alkylated was calculated. The phenol red indicator 
dye was added after dithionite titration of the enzyme because 
it was found that dithionite rapidly bleaches phenol red under 
the conditions employed. 

Results 
A titration of EHR with NAD' at pH 7.6 results in partial 

bleaching of the absorbance at 450 nm (Figure 1). These 
changes are similar to those observed at pH 8.3 (Thorpe & 
Williams, 1976b). In contrast to these marked effects, NAD' 
promotes very minor perturbations of the flavin chromophore 
in native oxidized lipoamide dehydrogenase (VanMuiswink- 
el-Voetberg & Veeger, 1973; Wilkinson & Williams, 1979). 
Double-reciprocal plots of Atu8 and A€,, vs. NAD' concen- 
tration are linear, yielding an apparent KD of 240 pM at both 
wavelengths (inset, Figure 1). The titration appears mono- 
phasic, with isosbestic points at 405, 375, and 326 nm. The 
dashed line in Figure 1 is extrapolated to infinite NAD' by 
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FIGURE 1: Spectral changes induced on addition of NAD' to EHR 
at pH 7.6. EHR (20.5 pM enzyme FAD) in 100 mM phosphate 
buffer, pH 7.6, at 15 "C (curve 1) was mixed with 0.1 1,0.32,0.67, 
1.34, and 2.63 mM NAD' (curves 2-6, respectively). Equal con- 
centrations of NAD' were added to the reference cuvette. Inter- 
mediate spectra have been omitted for clarity. The dashed line is the 
spectrum extrapolated to infinite NAD' by using the 1/Ae- intercept 
obtained from a double reciprocal plot (see inset). The dotted line 
is an estimate of the spectrum of the modified flavin species after 
correction from the contribution of residual unmodified flavin (see 
text). 
using the 448-nm intercept. This extrapolated spectrum ex- 
hibits about one-half of the original absorbance at  448 nm, 
but retains certain of the features of EHR (e.g., shoulders at  
470 and 425 nm and a maximum at 448 nm). Under these 
conditions, NAD' only effects a partial conversion of the flavin 
into a species with increased 390-nm absorbance but lowered 
450-nm absorbance. The dotted line shows an estimate of the 
absorption spectrum of this form (see later). Flavin fluores- 
cence measurements provide additional evidence that NAD' 
promotes only partial modification of the flavin chromophore. 
In the absence of pyridine nucleotides, EHR is 75% as 
fluorescent as the native oxidized enzyme at pH 7.6. The 
emission spectrum, exciting at either 450 or 385 nm, is similar 
to that of E but displaced 6 nm to shorter wavelengths, re- 
flecting corresponding differences in the absorption maxima 
of the native and modified flavoproteins. The flavin 
fluorescence of EHR is quenched 50% by saturating levels of 
NAD' at pH 7.6 (results not shown). N o  new features are 
observed in the residual fluorescence emission spectrum. In 
addition, the magnitude of the excitation spectrum is decreased 
by one-half at  saturating NAD' concentrations without no- 
ticeable changes in the shape of the residual spectrum. These 
results suggest that approximately one-half of the original 
fluorophore remains at  high levels of NAD', and that the 
species induced on NAD' binding is not appreciably fluor- 
escent. 

Titrations similar to Figure 1 were performed between pH 
5.8 and 8.8, and the results are summarized in Figure 2. Little 
change in the extent of bleaching at infinite ligand is seen from 
pH 6 to 8.8. In contrast, the apparent KD for NAD' shows 
an approximately 10-fold variation in this range, with a com- 
plex pH dependence. Binding is tightest at  high pH ( K D  of 
35 pM at pH 8.8) and weakest around neutrality ( K D  of about 
370 pM). Below pH 5.8 the spectral changes are of the same 
form as those shown in Figure 1, but of decreased magnitude. 
Experiments performed at pH 7.6 established that neither the 
extent of bleaching nor the apparent KD was dependent on the 
concentration of EHR used (over the range 15-100 pM en- 
zyme flavin). 

It was observed that at pH values at  or above pH 8.3 
time-dependent spectral changes occurred in the presence of 
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FIGURE 2: Extent of bleaching of EHR and apparent KD for NAD' 
as functions of pH. NAD' titrations were performed at 15 "C in 
50 mM citrate (A), 100 mM phosphate (0), and 50 mM pyro- 
phosphate (13) buffers. Both the apparent KD for NAD' (solid 
symbols) and the fraction bleached at 448 nm (Aempd/edM, open 
symbols) were obtained from double-reciprocal p ots of AcM8 vs. 
NAD', as described for Figure 1. 
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FIGURE 3: Perturbation of the visible spectrum of EHR at pH 7.6 
induced by AAD'. EHR, 22 pM in 100 mM phosphate buffer, pH 
7.6, at 15 "C (curve l ) ,  was mixed to give 33 pM, 65 pM, 194 pM, 
and 1 mM AAD' (curves 2-5, respectively). Equivalent amounts 
of AAD' were added to the reference cuvette. Intermediate spectra 
have been omitted for clarity. The inset shows a Stockell plot where 
a is observed at a given AAD' level divided by the maximal 
AcM8 value extrapolated from double-reciprocal plots. 

high concentrations of NAD'. These changes did not com- 
plicate the spectral titrations summarized in Figure 2. For 
example, the single addition of 10 mM NAD' to EHR at pH 
8.8 effects a slightly greater degree of bleaching (Atu8 = 6.0 
mM-' cm-' instead of 5.15 mM-' cm-' attained by extrapo- 
lation of titration data; data not shown), followed by the slow 
reappearance of an unresolved flavin spectrum. Gel filtration 
of the reaction mixture confirmed that release of FAD from 
the enzyme had occurred. Loss of flavin is accelerated both 
by higher pH and higher NAD' concentration. This effect 
has not been investigated further. 

The NAD' analogue 3-aminopyridine adenine dinucleotide 
has been used in a recent study of lipoamide dehydrogenase 
from Escherichia coli (Wilkinson & Williams, 1979). Similar 
spectral perturbations accompany AAD' binding to native 
oxidized pig heart lipamide dehydrogenase (data not shown). 
Similar spectral changes are induced on NAD' binding to the 
oxidized enzymes (VanMuiswinkel-Voetbrg & Veeger, 1973; 
Wilkinson & Williams, 1979), but are approximately 5-fold 
smaller. Figure 3 shows that titration of EHR with AAD' 
produces spectral changes clearly different from those induced 
by NAD' at the same pH (Figure 1). A pronounced red shift 
and decreased in the main absorption band are accompanied 
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FIGURE 4: Variation of long-wavelength absorption of EHR and 
apparent KD for AAD' as functions of pH. AAD' titrations were 
performed at 15 OC in 50 mM citrate (A), 100 mM phosphate (O), 
and 50 mM pyrophosphate (0) buffers, as described for Figure 5. 
Solid symbols represent apparent KD values; open symbols are the 
csg0 values extrapolated to infinite AAD' concentration using dou- 
ble-reciprocal plots. KD values obtained by monitoring titrations by 
flavin fluorescence quenching at pH 5.3 and 7.6 are indicated by + 
(see the text). 
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FIGURE 5: AAD' titration of EHR at pH 5.3. Curve 1: 14.7 pM 
enzyme FAD in 0.7 mL of 50 mM citrate buffer, pH 5.3,  at 15 O C .  
Curves 2-5 are plus 34, 68, 169 and 664 pM AAD', respectively. 
Equivalent amounts of AAD' were added to the reference cuvette. 
The inset shows a plot of 

by the appearance of a broad long wavelength band centered 
at  580 nm. Isosbestic points are observed at 378, 395, and 
485 nm. A Stockell plot, using the 448 nm data (see inset), 
indicates that AAD' binds under these conditions with an 
apparent KD of 37 pM. The intercept on the AAD'/a axis 
indicates a stoichiometry of 1.1 molecules of analogue bound 
per FAD (Le., 2.2 AAD'/dimer) at saturation. This is in 
marked contrast to the 1.2 molecules of NAD' bound/dimer 
determined at pH 8.8 (Thorpe & Williams, 1976b; see below). 

Figure 4 shows the pH dependence of the apparent K D  for 
AAD' binding to EHR and of the extinction changes at 580 
and 448 nm extrapolated to infinite ligand. The binding af- 
finity for AAD' is rather constant over the pH range 6.5-8.8 
whereas the KD apparent for NAD' varies widely in this region 
(Figure 2). It can also be seen from Figure 4 that the extent 
of long-wavelength absorbance observed drops sharply below 
pH 6.0. At pH 5.3 the character of the spectral changes 
obtained (Figure 5 )  resembles those shown by the native ox- 
idized enzyme, consisting of a perturbation of the flavin 
chromophore without significant formation of the long- 
wavelength band. 

As a check on the stoichiometries of pyridine nucleotide 
binding reported above, the binding of AAD' and NAD' to 
EHR was studied directly by the gel filtration method of 
Hummel & Dreyer (1962). Both sets of experiments were 

vs. [AAD'I-'. 
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FIGURE 6: Direct determination of binding of NAD' and AAD' to 
EHR. Binding was evaluated at pH 7.6 in 100 mM phosphate buffer, 
15 OC, by the gel fdtration method (see Materials and Methods). The 
results are plotted as a Scatchard plot. 

Table I: Interaction of Oxidized Pyridine Nucleotide 
Analogues with EAR 

pyridine nucleotide substituent pH spectral changea 
NAD+ 
thio-NAD' 
NHD+ 
AcPy AD+ 

pyridinecarboxaldehyde 
adenine dinucleotide 

NADP+ 

N-methylnico tinamide 

N-methylnicotinamide + 
ADP-ribose 

AAD' 

-CONH, 
-CSNH, 

-COCH 

-CHO 

-CONH, 

-CONH, 

-CONH, 

-CONH, 

-NH, 

8.8 
8.8 
8.8 
8.8 

8.8 

8.8 

8.8 

8.8 

8.8 

5.3 

bleaching (35 pM) 
bleaching (80 pM) 
bleaching (1 mM) 
none observed 

(2  mM)b 
none observed 

(1.5 mM)b 
none observed at 3.4 

mM 
none observed at 6 

mM 
none observed at 6 

and 1 mM, 
respectively 

(40 wM) 
long-wavelength band 

perturbation (58 a) 
KD values in parentheses. Approximate KD values obtained 

in competition experiments with AAD+. 

performed at pH 7.6 by using the same batch of enzyme, and 
the results are plotted in Figure 6. In agreement with the 
spectral data, 2 molecules of AAD' are bound per dimer with 
an apparent KD of 35 pM. There is no evidence for two classes 
of binding sites on EHR, of unequal affinities for AAD', from 
either the optical titrations or the Scatchard plot (Figures 3 
and 6). In contrast, NAD' binds to approximately 1.1 sites 
per dimer with a KD apparent of 170 pM, in fair agreement 
with the value of 240 pM obtained in Figure 1. The dis- 
crepancy may reflect the limitations of the gel filtration method 
in measuring comparatively weak binding, and the sensitivity 
of the KD to pH in the region of pH 7.6. Good agreement 
between the two methods was observed at  pH 8.8 (Thorpe & 
Williams, 1976b). 

Table I summarizes the spectral changes induced by various 
NAD' analogues on EHR. Thio-NAD' and NHD' produce 
spectral changes very similar to those shown in Figure 1. Both 
pyridinecarboxaldehyde- and acetylpyridine adenine di- 
nucleotides bind weakly to EHR, as judged by competition 
experiments with AAD', but fail to perturb the flavin chro- 
mophore significantly. 

Discussion 
This work demonstrates the widely differing responses of 

EHR to NAD' and its analogue AAD'. In summary, NAD' 
binds to EHR with a stoichiometry of l/dimer (at pH 7.6 and 
at pH 8.8), whereas 2 molecules of AAD' are bound. In 
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internal redox reaction. Since adduct formation requires 
protonation of the N(5) position, the equilibrium is pH in- 
dependent. The relatively constant degree of bleaching ob- 
tained from pH 6 to 8.8 at saturating NAD’ levels is thus 
compatible with this. 

Several lines of evidence suggest that the spectral changes 
observed with the monoalkylated derivative have catalytic 
significance for the native enzyme. The bleaching reaction 
is extremely rapid, being complete within 3 ms at pH 8.3, 15 
OC (Thorpe & Williams, 1976b). In addition, those 3-sub- 
stituted pyridine nucleotide analogues which fail to bleach 
EHR in the 450-nm region are also poor substrates in the 
Lip(SH),/pyridine nucleotide assay catalyzed by the native 
enzyme (Massey & Veeger, 1961). A third line of evidence 
comes from recent work on the crystal structure of glutathione 
reductase from human erythrocytes (Pai et al., 1978; Schulz 
et al., 1978). 

Glutathione reductase and lipoamide dehydrogenase are very 
similar mechanistically and structurally (Massey & Williams, 
1965; Williams, 1976; Williams et al., 1976). Indeed, the 
active-center disulfide sequences from both yeast (Jones & 
Williams, 1975) and erythrocyte (Krohne-Ehrich et al., 1977) 
glutathione reductases are highly homologous with those from 
Escherichia coli (Burleigh & Williams, 1972) and pig heart 
(Matthews et al., 1974; Brown & Perham, 1974) lipoamide 
dehydrogenases. The three-dimensional structure of eryth- 
rocyte glutathione reductase at 3-A resolution indicates that 
the carboxyl-terminal redox-active cysteine residue is within 
bonding distance of the C(4a) position of the isoalloxazine 
nucleus (Schulz et al., 1978). This supports our previous 
suggestion that the carboxyl-terminal partner of the active- 
center dithiol pair in lipoamide dehydrogenase, participates 
in NAD+-induced C(4a)-adduct formation (Thorpe & Wil- 
liams, 1976b). The studies of Schulz et al. (1978) also show 
that structural elements from both subunits are used to form 
each of the two active centers of the dimer. In addition, there 
is close contact between the isoalloxazine ring of one subunit 
and the interface domain of the other subunit. These obser- 
vations indicate the possibility of intersubunit communication 
between active-site regions. Our finding of negative cooper- 
ativity in NAD+ binding to EHR suggests that such effects 
may occur in lipoamide dehydrogenase, under conditions where 
C(4a)-adduct formation is induced. The linearity of the 
Stockell and Scatchard plots for AAD+ binding to EHR shows 
that the dimer has two pyridine nucleotide sites with similar 
or identical affinity for AAD+. Thus, our working hypothesis 
is that NAD’, on binding to one subunit of EHR, induces 
changes in that subunit which lead to covalent adduct for- 
mation and to a simultaneous lowering of the affinity of the 
second site for NAD’. 

The use of various pyridine nucleotide analogues (Table I) 
shows that the nature of the substituent at the 3-position of 
the pyridinium ring is crucial in determining the state of the 
flavin in the EHR-pyridine nucleotide complex. Although the 
bleaching reaction is still observed when the carboamide group 
is replaced by a thioamide moiety, substitution of the amide 
nitrogen by H or CH3 results in no detectable spectral change, 
although both analogues bind to EHR. AAD’, where the 
3-position is occupied by an amino group, induces clearly 
different spectral changes, including formation of a long- 
wavelength absorption band. Although AAD+ is formally an 
oxidized pyridine nucleotide, substitution of the 3-amino group 
confers additional electron density to the pyridinium ring, 
resulting in an analogue with some NADH character. AAD+ 
is not enzymatically reducible, has an absorption maximum 

contrast to AAD+, NAD+ binding is strongly pH dependent 
over the range 6.5-8.8. NAD’ induces a partial bleaching 
of the flavin chromophore, with no long-wavelength absorption; 
AAD+ binding leads to a pH-dependent long-wavelength band 
with concomitant perturbation of the flavin chromophore. 

The dotted line in Figure 1 is an estimate of the spectrum 
of the species induced on NAD’ binding. It was obtained (see 
Materials and Methods) assuming that the dashed line rep- 
resents the binding of 1.1 NAD+/dimer and that the spectral 
changes would increase proportionately until a stoichiometry 
of 2 NAD+/dimer was reached and complete bleaching ef- 
fected. This procedure is equivalent to subtracting the ab- 
sorbance contribution of the residual fluorophore (see Results) 
from the spectrum extrapolated to infinite NAD+. The dotted 
spectrum shows a single maximum at 384 nm with an ex- 
tinction coefficient of 7.0 mM-’ cm-’. It is similar to that 
obtained at pH 8.3 (Thorpe & Williams, 1976b) but has a 
somewhat lower extinction coefficient. The isosbestic points 
formed on either side of the 390-nm trough region of EHR 
reflect this change, occurring at 375 and 405 nm at pH 7.6, 
whereas at pH 8.3 they are at 371 and 408 nm. These spectra 
resemble those of substituted dihydroflavins carrying a carbon, 
oxygen, or sulfur function at the C(4a) position in appropriate 
solvent systems (Walker et al., 1970; Ghisla et al., 1973, 1974; 
Hevesi & Bruice, 1973; Kemal & Bruice, 1976) or introduced 
into various apoproteins (Scola-Nagelschneider et al., 1976; 
Ghisla et al., 1977). On the basis of these model studies, the 
intermediates observed during the interaction of reduced 
bacterial luciferase (Tu & Hastings, 1975), melilotate hy- 
droxylase (Strickland & Massey, 1973), and p-hydroxy- 
benzoate hydroxylase (Spector & Massey, 1972; Entsch et al., 
1976) with O2 have been assigned to C(4a)-peroxyflavins. We 
have, therefore, proposed that the NAD+-induced bleaching 
of the 450-nm absorption of EHR reflects the formation of 
a similar adduct in which one of the redox active cysteine 
moieties is the 4a substituent (Thorpe & Williams, 1976b). 
This species had also been proposed as a catalytic intermediate 
in lipoamide dehydrogenase on the basis of model studies 
(Gascoigne & Radda, 1967; Loechler & Hollocher, 1976; 
Yokoe & Bruice, 1975). 

Scheme I outlines a possible mechanism for the pyridine 
nucleotide half-reaction in the native enzyme. The “upper” 
thiolate attacks the C(4a) position of the isoalloxazine ring 
to generate the covalent adduct. Decomposition of this species, 
via nucleophilic attack from the “lower” thiol (as a thiolate), 
yields reduced flavin and regenerates the disulfide bond. In 
the final step (not shown), reoxidation of the flavin by en- 
zyme-bound NAD+ occurs. Although drawn as discrete steps 
for illustration, the process conceivably approaches a concerted 
reaction. This scheme incorporates the concept of a sequential 
flow of 2 reducing equiv, from active site dithiol to FAD to 
NAD’ (Sanadi, 1963; Thorpe & Williams, 1976a). It can 
be seen that alkylation of the “lower” thiol could still allow 
covalent adduct formation but would prevent its breakdown, 
since the disulfide bond could not re-form to complete the 



1512 B I O C H E M I S T R Y  THORPE A N D  W I L L I A M S  

at 331 nm, and is fluorescent (Anderson et al., 1959; Fischer 
et al., 1973). 

The nature of the 580-nm band induced by AAD' is of 
considerable interest, especially since it resembles the long- 
wavelength band shown by EH2-NAD' complexes of native 
pig heart lipoamide dehydrogenase (Veeger & Massey, 1963; 
Matthews et al., 1976). On the basis of studies with several 
flavoproteins, spectral changes of the type shown in Figure 
3 have been explained by the formation of charge-transfer 
complexes between a suitable donor and oxidized flavin as the 
acceptor (Massey & Ghisla, 1974). If this assignment is 
accepted here, the question arises as to the identity of the 
charge-transfer donor. Two obvious candidates are either the 
3-aminopyridinium ring system of the bound analogue or the 
free cysteine residue which participates in covalent adduct 
formation at the C(4a) position. A firm choice between these 
two possibilities cannot be made, but the available evidence 
favors the carboxyl-terminal cysteine as the donor. Thus, 
long-wavelength bands have never been observed in E-AAD' 
complexes of E. coli or pig heart lipoamide dehydrogenase over 
a range of pH values (e.g., see Figure 6; Wilkinson & Williams 
1979). If AAD' were a suitable charge-transfer donor, 
long-wavelength bands would also be expected for these com- 
plexes. Rather, the spectral perturbations observed are very 
similar in form to those induced in EH2 by NAD' (which 
could not itself be a charge-transfer donor to oxidized flavin). 
However, if the donor in EHR-AAD' is the carboxyl-terminal 
cysteine residue, the lack of a long-wavelength band in E- 
AAD+ can be readily rationalized, since a disulfide bridge 
would have no donor ability. Further, the loss of long wave- 
length absorption of EHR-AAD+ at low pH (Figure 5) can 
be explained by the protonation of the charge-transfer donor 
thiolate. The band is also lost upon addition of phenylmercuric 
acetate which could be reacting with the charge-transfer 
thiolate; the band returns upon addition of 2-mercaptoethanol. 
We tentatively conclude that AAD+ binding changes the 
orientation of the carboxyl-terminal cysteine residue in EHR 
and/or sufficiently lowers its microscopic pK to allow a sig- 
nificant charge-transfer interaction with the isoalloxazine ring 
system. 

The charge-transfer role of the equivalent cysteine residue 
in native yeast glutathione reductase and in a monoalkylated 
derivative is established in the accompanying paper (Arscott 
et al., 1981). Comparison of the properties of these two 
analogous derivatives provides additional insight into the 
chemical roles of the redox-active cysteines in these closely 
related flavoproteins. 
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450-45 1. 

Glutathione Reductase from Yeast. Differential Reactivity of the Nascent 
Thiols in Two-Electron Reduced Enzyme and Properties of a Monoalkylated 
Derivat ivet 

L. David Arscott, Colin Thorpe,* and Charles H. Williams, Jr.* 

ABSTRACT: Two-electron reduced glutathione reductase from 
yeast reacted with iodoacetamide is alkylated almost exclu- 
sively in the nascent thiol nearer the amino terminus of the 
protein. The charge-transfer absorbance, maximal at 530 nm, 
characteristic of the two-electron reduced enzyme is not lost 
as the alkylation proceeds, and the product has a spectrum 
virtually identical with that of the two-electron reduoed en- 
zyme. This observation demonstrates that the thiol alkylated 
is not the charge-transfer-donor thiolate which interacts with 
the FAD. The spectrum of the monoalkylated derivative is 
stable in the presence of oxidized glutathione, indicating that 
the charge-transfer-donor thiol is not involved in interchange 
with the substrate in the native enzyme. Thus, the nascent 
thiols produced upon two-electron reduction of glutathione 
reductase have distinct functions, interchange with the sub- 
strate and interaction with the FAD. Treatment of the mo- 
noalkylated derivative with the apolar phenylmercuric acetate 

G lu ta th ione  reductase (EC 1.6.4.2) and lipoamide de- 
hydrogenase (EC l .6.4.3) are very similar flavoproteins, each 
catalyzing a specific pyridine nucleotide-disulfide oxidore- 
duction (Williams, 1976). Both structural and mechanistic 
similarities have been extensively documented; thus each 
contains an oxidation-reduction active cystine residue (Searls 
& Sanadi, 1960a,b; Massey & Veeger, 1960, 1961; Black & 
Hudson, 1961; Massey & Williams, 1965) which is located 
in a highly homologous section of the polypeptide chain (Jones 
& Williams, 1975). Two-electron reduction of either enzyme 
produces a spectrally characteristic red intermediate (Searls 
& Sanadi, 1960a,b; Massey & Veeger, 1960, 1961; Black & 
Hudson, 1961; Massey & Williams, 1965) which is a 
charge-transfer complex between a thiolate anion (as the 
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eliminates the charge-transfer interaction. The spectrum of 
the resulting species is similar to that of the oxidized enzyme 
but less resolved and blue shifted by 10 nm. The dependence 
on pH of the absorbance associated with the thiolate to FAD 
charge-transfer interaction in native two-electron reduced 
glutathione reductase is biphasic, with pK values at approx- 
imately 4.8 and 7.4. By analogy with glyceraldehyde-3- 
phosphate dehydrogenase and papain, these data indicate that 
the thiolate is stabilized by an adjacent basic residue. The 
pK 7.4 is associated with the titration of the base to give the 
ion pair, and the pK of 4.8 is associated with the titration of 
the thiolate. Unlike lipoamide dehydrogenase, glutathione 
reductase is sufficiently stable to allow titration with dithionite 
at pH 3.7. The spectrum at this pH is essentially the same 
as that of the monoalkylated derivative treated with phenyl- 
mercuric acetate. The changes with pH are completely re- 
versible. 

donor) and oxidized flavin (as the acceptor) (Searls et al., 
1961; Kosower, 1966; Massey & Ghisla, 1974). A base in the 
active site accepts the second proton (Matthews & Williams, 
1976; Matthews et al., 1977). In catalysis, these enzymes cycle 
between the oxidized (E)' and the two-electron reduced (EH,) 
states (Massey et al., 1960). 

SH +HB 

S FAD 

Catalysis by lipoamide dehydrogenase involves a sequential 
flow of two electron equivalents from dihydrolipoamide to the 
active center disulfide to FAD to NAD' (Searls & Sanadi, 
1960a,b; Thorpe & Williams, 1976a,b). In glutathione re- 
ductase, this sequence is reversed, beginning with NADPH 
and ending with thiol-disulfide interchange between the ac- 

I Abbreviations used: TPCK, L- l-tosylamido-2-phenylethyl chloro- 
methyl ketone; SE-Sephadex, sulfoethyl-Sephadex; E, EH2, and EH4 
refer to the oxidized, two-electron, and four-electron reduced enzyme 
species, respectively; EHR, two-electron reduced alkylated derivative; 
PhHgOAc, phenylmercuric acetate; AAD', aminopyridine adenine di- 
nucleotide; thio-NAD+, thionicotinamide adenine dinucleotide; STI, 
soybean trypsin inhibitor; GSSG, oxidized glutathione. 
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