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Summary 

A series of straight chmn N-alkylmalelmldes was shown to simultaneously 
reactivate the reductase, transhydrogenase and dlaphorase actlvltms of yeast 
glutathlone reductase (NAD(P)H: oxldlzed-glutathlone oxldoreductase, EC 
1.6.4.2.) at pH 7.5 and 25°C. Apparent second-order rate constants for the 
inactivation of all enzyme activities exhibited parallel increases with mcreasmg 
chmnlength from C-2 through C-7 of the alkyl substltuent of the malel- 
mlde. This positive chamlength effect is suggested to be due to an enhanced 
binding of malelmldes through nonpolar interactions with the enzyme. Reduc- 
tion of the active site disulfide with NADPH was required prior to addition of 
malelmlde for inactivation to occur. NADP, AcPyADP, SNADP, AADP, and 
oxidized glutathlone all protected the enzyme from inactivation. 2'AMP, 
3'AMP, 2'-phospho-5'AMP, 2'-phospho-5'ADP and 2'-phospho-ADP-nbose 
although all coenzyme-competltlve lnhlbltors failed to protect the enzyme 
from N-ethylmalennlde inactivation. 

N-Phenyl and N-alkylmalelmldes covalently modified two, of SLX avmlable, 
sulfhydryl groups per subumt. No other amino acid residues were modified. 
The reactivity of these sulfhydryl groups was at least two orders of magnitude 
higher than any reported for the N-ethylmalelmlde reaction with many other 
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Abbreviations DTNB, 5,5'-dlthlobls(2-mtrobenzom acid), SNADP, thlomcotmannde ademne dmucleotzde 
phosphate, AAD, 3-ammopyrlchne ademne chnucleotlde, AADP, 3-annnopyrlchne adenine dmueleotlde 
phosphate, FMA, fluorescem mercuric acetate, AcPyADP, 3-acetylpyrlchne adenine dmucleotlde phos- 
phate, 2',5'ADP, 2'-phospho-5'AMP 
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'essential sulfhydryl '  enzymes. No change m the charge transfer band of  the 
reduced enzyme was observed upon complete  mactlvatmn by N-ethyl,  N-heptyl 
or N-phenylmalelmlde. The retentmn of  the charge transfer band after selective 
modffmatmn of two sulfhydryl groups suggests the involvement of  a third reac- 
tive sulfhydryl group in the functmnmg of the yeast  enzyme. No inactlvatmn 
was observed when coenzymatmally reduced enzyme was mcubated  with the 
slte-specffm sulfhydryl reagent, dmzotlzed AADP. 

Introduction 

Yeast glutathlone reductase catalyzes the NADPH-dependent  reductton of  
oxidized glutathlone. The enzyme has also been shown the possess a NADPH to 
SNADP transhydrogenase activity as well as a dlaphorase activity [1,2].  The 
enzyme exists as a dlmer of ldentmal subumts containing 1 mol of tightly- 
bound FAD per subunit .  Massey and Wflhams have demonstrated the presence 
of  stx cysteme residues per subumt [3].  Two of the cysteme residues m each 
subumt  form an oxidation-reduction active d~sulfide whmh is essential for 
reductase activity. 

The proposed mechanism of the reductase activity [4] revolves the transfer 
of  electrons from NADPH through bound FAD to the active site disulfide. The 
reduced disulfide has been lmphcated m the reduction of  oxidized glutathtone, 
through formatmn of an enzyme-glutathmne mixed disulfide followed by ulti- 
mate reoxldatlon of  the enzyme to the disulfide form. It is during the reduced 
disulfide step m the catalytm cycle that  the enzyme was shown to be sens~ttve 
to sulfhydryl-mochfymg reagents [ 3,5]. The involvement of  essentml sulthydryl 
groups m either the transhydrogenase or dmphorase actlwtms has not  been 
reported.  

X-ray crystallographm studms of an analogous enzyme, erythrocyte  gluta- 
throne reductase [6] indicated the presence of a small hydrophobm region near 
the active site thought  to facthtate the binding of  FAD If such a regmn is 
present m the yeast  enzyme it could be expected to influence the reactivity of  
sulfhydryl groups nearby. In previous studms of enzyme inactivatmn by 
N-alkylmaleLmldes with varmus dehydrogenases [7--9] ,  papam [10] and 
D-amino acid oxldase [11],  facflttatmn of the rates of  mactivatmn through 
nonpolar  mteractmns of these reagents with the enzymes was demonstrated.  
Effective protec tmn of these enzymes by either substrate, coenzyme or 
coenzyme analogs was observed m each case. It was of interest to s tudy the 
effects of  N-alkylmalelmtdes on yeast  glutathmne reductase m order to obtain 
further mformatmn concerning the react lwty of sulfhydryl groups of the 
enzyme towards alkylatmn, the involvement of  nonpolar mteractmns m the 
funetmnmg of these groups, the selectlvtty and s tomhmmetry  of  sulfhydryl 
modlf icatmn and the possible involvement of sulfhydryl groups m the trans- 
hydrogenase and dmphorase actlwtms. 

Experimental procedures 

Materials 
N-Ethylmalelmlde,  f luorescem mercurm acetate, oxidized glutathmne, 5,5'- 

dl thmbls(2-mtrobenzom acid), ammonmm sulfamate, N-(1-naphthyl)~thylene-  
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dmmme dlhydrochlorlde, sodmm dodecyl sulfate (SDS), NADP, NADPH, 
NAD, NADH, FAD, SNADP, AcPyADP, 2'-monophosphoadenosme 5'-dlphos- 
phonbose, fl-mercaptoethanol and Tns were purchased from Sigma 2',5'ADP- 
Sepharose and Sephadex G-25 were purchased from Pharmacm. N-Phenyl- 
malelmlde and N-butylmalelmlde were products of Nutntmnal Bmchemmals, 
Inc. N-Pentyl, N-hexyl, N-heptyl, N-octyl, N-nonyl and N-decylmalelmldes 
were synthesized accordmg to Heltz et al. [9]. 3-Ammopyndme adenme dmu- 
cleotlde (AAD) was prepared by the method of Fisher et al. [12] while the 
2'-phosphate analog (AADP) was prepared by the method of Anderson et al. 
[13] 

Yeast glutathmne reductase was obtained either from Sigma or Calbmchem- 
Behrmg and further purffmd by a modffmatmn of the method of Carlberg and 
Mannervlk [14]. All steps were performed at 4°C and all buffers contained 0.5 
mM EDTA unless otherwise stated. Enzyme was dmlyzed agamst two changes 
of 10 mM sodmm phosphate buffer, pH 7.0, apphed to a 2',5'ADP-Sepharose 
column (1 × 5 cm) and washed with 50 ml of 50 mM sodmm phosphate buffer, 
pH 7.5. A hnear gradmnt of 0--500 mM NaC1 m wash buffer was apphed to the 
column. Eluted fractmns were assayed for protem by absorbance at 280 nm. 
Enzymatm actlwty was assayed usmg the standard glutathmne reductase assay 
outhned below. Fractmns contmnmg enzymatm actlwty were pooled, dialyzed 
agmnst 10 mM sodmm phosphate buffer, pH 7.0, and concentrated usmg a 
Dmflo PM-10 membrane. Protein concentratmns were determmed usmg 
e21~ = 18.6 [3] and by the method of Lowry et al. [15] with bowne serum 8Onto 
albumin as standard. Specffm actlwty of the punfmd preparatmns ranged 
between 264 and 334 I.U./mg protem. 

Methods 
Glutathlone reductase actlwty was assayed spectrophotometrmally m 3 ml 

reaction mLxtures contammg 50 mM sodmm phosphate buffer, pH 7.5/1.0 mM 
EDTA/0.67 mM omdlzed glutathlone/0.1 mM NADPH. After the addition of 
enzyme, the decrease m absorbance at 340 nm was momtored at 25°C using a 
Beckman Acta M-VI recording spectrophotometer 

Transhydrogenase activity was assayed m 3 ml reaction mLxtures contammg 
50 mM sodmm phosphate buffer, pH 7.5/1.0 mM EDTA/0.2 mM SNADP/ 
0.016 mM NADPH. The mcrease m absorbance at 399 nm at 25°C was 
recorded and the concentration of reduced SNADP was calculated usmg 

1~ = 1.17 • 104 [16]. e399nm 
Dlaphorase activity was assayed m 3 ml contmmng 50 mM sodmm phosphate 

(pH 7.5)/1 mM EDTA/0.2 mM K3Fe(CN)6/0.07 mM NADPH. Pnor to the 
addition of enzyme the non-enzymatm rate of femcyanlde reduction was 
recorded at 420 nm. The rate of non-enzymatm reduction was substracted from 
enzymatm rate of reduction to ymld the net enzyme catalyzed rate. 

Inactivation of glutathlone reductase by N-alkylmalelrmdes was accom- 
phshed by first premcubatmg 4 pg (3 4 10 -11) mol enzyme at 25°C with a 
500-fold excess NADPH m a volume of 0.1 ml. To the reduced enzyme was 
added 0.9 ml of 50 mM sodmm phosphate buffer, pH 7.5/5% EtOH and the 
desired concentratmn of N-alkylmalelmlde. After mLxmg, 50 /A ahquots were 
assayed for remammg reductase actlwty, whereas 150 pJ allquots were assayed 
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for transhydrogenase or dlaphorase actlvltms. 
Studies of the protection of glutathlone reductase from lnactwatlon by 

N-alkylmalelmldes were performed in the same manner as the inactivation 
experiments. The compound to be examined for protection was added simul- 
taneously with the N-alkylmalelmlde. Compounds were studied mltlally at 
3-times their K1 or Km values and if protection was observed, the concentration 
of protecting compound was decreased to either 100 or 50 p~I to ascertain if 
protection was a concentrat ion-dependent  phenomenon.  

DTNB tltratlons were performed by the method  of Habeeb [17]. Reaction 
mLxtures contamed 2% SDS/5 mM EDTA/0.1 M Tns-HC1 buffer, pH 8.0/0.67 
mM DTNB m a total  volume of 1.5 ml. Protem was denatured for 5 mln at 
room temperature prior to addition of  DTNB. After addition of DTNB, color 
was developed for 20 mm at 25°C and absorbance at 412 nm recorded. 

For aniline determinations, glutathlone reductase (1.5 mg) was reduced with 
500-fold excess NADPH. After approx. 97% reactivation by N-phenylmalel- 
mlde (usually 20 mln), 2-fold molar excess /~-mercaptoethanol was added to 
stop the reaction. The enzyme mixture was applied to a Sephadex G-25 column 
(1.7 × 45 cm) and eluted with 5 mM sodmm phosphate buffer, pH 7.5, at 4°C. 
The fractions contmnmg protein were pooled, concentrated using a Dlaflo 
PM-10 membrane,  and assayed by DTNB tl t ratmn. The remmnmg enzyme was 
lyophfllzed to dryness, redlssolved m 6 M HC1 and hydrolyzed m vacuo for 72 
h. The hydrolysate  was air dried and the anflme released upon hydrolysis was 
determined according to Bratton and Marshall [18]. 

FMA titration of  oxidized and reduced enzyme and maleLmlde-lnactlvated 
enzyme was performed as reported by Heltz and Anderson [19]. Stock solu- 
tions of  FMA were prepared in 50 mM sodium phosphate buffer, pH 7.5. Exact 
concentratmns of  stock FMA were determined m 0.1 M NaOH at 499 nm usmg 
the molar ex tmctmn coeffmlent of 7.8 • 104 [19]. A standard curve was pre- 
pared m 2.9 ml of 50 mM sodium phosphate buffer, pH 7.5, by recording the 
relative fluorescence intensity with an Aminco-Bowman spectrophotofluorl- 
meter. Solutions were excited at 495 nm and fluorescence recorded at 525 nm. 

Spectral changes in FAD durmg the reactivation process were determined as 
follows. The spectrum of 4/~M glutathmne reductase m 10 mM sodium phos- 
phate (pH 7.0)/0.5 mM EDTA was recorded from 700--300 nm. The enzyme 
was reduced by addition of 0.1 ml of 6.7 mM NADPH and the resulting 
absorbance spectrum recorded. The reduced enzyme was then mactlvated by 
50 /~M N-ethylmaleLmlde, 32 pM N-phenylmaleunlde or 30 pM N-heptylmaiel- 
mlde. Loss of enzymatm actlwty was monitored by assaying 2 p] ahquots 
directly from the cuvette. In all cases, the enzyme was 100% reactivated after 
30 mm at which tune an absorbance spectrum of the completely inactivated 
enzyme was recorded. 

Dlazotlzed AADP was prepared according to the method  of Anderson et al. 
[13]. To 0.065 ml of  60 mM AADP was added 0.25 ml of  1.0 M HC1, followed 
by the addition of 0.5 ml of  1.0 M NaNO2. The resultmg solution was 
mcubated for 10 mm prior to the addition of 0.5 ml of 2.0 M ammonmm 
sulfamate and 10 mln later the mLxture was neutralized by addition of  0.25 ml 
of  1 M NaOH. The dlazotlzed AADP was diluted with 10 mM sodium phos- 
phate,  pH 7.0 and the mactivatlon of  glutathmne reductase was performed in 
the same manner as for N-alkylmaleimldes. 
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Results 

Inactwatzon of reductase actw~ty by N-alkylmale~m~des 
The oxidized form of the enzyme was reduced by mcubat lon with 3 phi 

NADPH resulting m the appearance of  two additional sulfhydryl groups as 
assayed by t i trat ion with DTNB. The reductase actwlty of the reduced enzyme 
was rapidly mactwated at pH 7.5 and 25°C by mcubatmn wsth N-ethylmalel- 
mlde. Over the same time permd,  no mactwat lon of  the oxidized form of the 
enzyme was observed. Inactlvatmn of the reductase actwlty followed pseudo- 
hrst-order lonetlcs and the rates of reactivation for four  concentrat ions of 
N~thylmale lmlde  are shown m Fig. 1. In the absence of  N-ethylmalenmde no 
loss In catalytm activity of  the reduced enzyme was observed (Fig. 1). Pseudo- 
first-order rate constants for inactivation of the enzyme obtmned for six con- 
centrations of  N-ethylmalelmlde were shown to be linearly related to N-ethyl- 
malelmlde concentrat ion.  From these data,  an apparent  second~rder  rate con- 
stant of  2.3 • 103 M -1 • mln -1 was de termmed.  

The reductase actwlty was shown to be effectively mactwated by a number  
of other  N-substituted malelmldes. Pseudo-first-order rates of  inactivation of 
the reduced enzyme were obtained by incubating the enzyme with N-phenyl- 
malelmlde, N-benzylmalelmlde and N-alkylmalelmldes varying in chalnlength 
from N-butyl  to N-decyl, mcluswe. The apparent  second-order rate constants 
determined for these N-substi tuted malelmldes are listed In Table I. The effec- 
tweness of the straight chain N-alkylmalelmldes m mactlvatlng the enzyme 
mcreased to a degree with increasing chmnlength of the alkyl substltuent.  A 
hnear increase in these rate constants f rom the N-ethyl  to N-heptyl  derivative 
was observed. A fur ther  slight increase In rate constants was observed for the 
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Fig 1 T i m e - d e p e n d e n t  r e a c t i v a t i o n  o f  y e a s t  g l u t a t h l o n e  reductase  ( reduced  f o r m )  b y  N - e t h y l m a l e l n ~ d e  
Reactxon mlxtu~res c o n t a i n e d  4 ~g  r e d u c e d  e n z y m e / 5 0  m M  s o d m m  p h o s p h a t e  b u f f e r ,  p H  7 5 / 5 %  e t h a n o l /  
N-e thy lma lexmxde  m a t o t a l  v o l u m e  of  1 m l  The  c o n c e n t r a t i o n s  o f  N - e t h y l m a l e l m l d e  u sed  were  0 
(¢ --), 4 0  p,M (~ Q), 6 0  # M  (a  A), 8 0  p,M (o o)  a n d  1 0 0 / 2 M  (~- ,x) 
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TABLE I 

A P P A R E N T  S E C O N D - O R D E R  R A T E  CONSTANTS F O R  INACTIVATION OF THE REDUCTASE 
AND T R A N S H Y D R O G E N A S E  ACTIVITIES OF YEAST G L U T A T H I O N E  R E D U C T A S E  

n d ,  not  determined 

C o m p o u n d  Reductase  k 2 Transhydrogenase k 2 
(M-I r a m - l )  (M -1 m m - 1 )  

N-EthylmaleLm~de 2 3 10  3 2 9 10 3 
N-Buty lmale lmlde  3 7 10 3 3 7 10 3 
N-PentylmaleLmlde 9 3 103 10 9 103 
N-Hexylmalexmlde  12 2 103 15 0 103 
N-HeptylmaleLmlde 17 0 103 23 5 103 
N-OctylmaleLmxde 17 4 103 20 9 103 
N-Nonylmalezmlde  17 8 103 23 2 103 
N-DecylmaleLmlde 7 8 103 13 8 103 
N-Benzy lmalmnnde  4 6 103 n d 
N-Phenylmale lmide  30 2 103 36 6 103 

N-octyl  and N-nonyl  derivatives fol lowed by a pronounced decrease for the 
largest derivative, N-decylmalelmlde.  

Protection from mactwatlon by N-alkylmale,m~des 
The mactlvatmn of  reduced glutathlone reductase by 50 t~M N-ethylmalel- 

mlde and 7.5 ttM N-heptylmalelmlde was studmd m the presence of  
oxidized glutathlone, FAD,  NADP and a number of  monocleot ldes  and dmu- 
cleotides having some structural analogy to the p y n d m e  nucleotlde coenzyme.  
The rates of  maleLmlde reactivation in the presence of  these compounds  were 
compared to those observed with N-ethyl  and N-heptylmalelmlde m order to 
evaluate the effectiveness of  these compounds  m protecting the enzyme against 
malelmlde inactivation. The results o f  the N-ethylmaleLmlde studies are shown 
m Table II. FAD and NAD were meffectlve m protecting the enzyme agmnst 
malelmlde mactlvatlon. The mononucleot ldes  were hkewlse ineffective. NADP 
and the NADP analogs, AADP, AcPyADP and SNADP were very effective pro- 

T A B L E  II 

P R O T E C T I O N  OF THE R E D U C T A S E  ACTIVITY AND T R A N S H Y D R O G E N A S E  ACTIVITY OF GLU- 
T A T H I O N E  R E D U C T A S E  F R O M  50 #M N - E T H Y L M A L E I M I D E  INACTIVATION 

Protect ing Concentzat lon  Reductase  Transhydrogenase 
c o m p o u n d  (juM) protect lon  protect ion  

(%) (%) 

NADPH 12 0 0 
NADP 81 33 67 
AADP 84 76 81 
SNADP 72 33 10  
A c P y A D P  90  75 67 
GSSG 165  100  1 0 0  
FAD 4 1 4  0 ---3 
NAD 1050  - -3  - -4  
2 ' , 5 ' A D P  3 - - I I  - -13  
2 ' -phospho-ADP-r lb  6 - -10  - -2  



76 

tectmg agents. The oxidized substrate was also observed to protect the enzyme 
against N-alkylmale~mlde mact~vatmn; however, m th~s specific case reoxldatmn 
of the enzyme must be considered. 

Inactwatzon of transhydrogenase actw~ty by N-alkylmale~mzdes 
The kmetm propertms of yeast glutathmne reductase catalyzed NADPH to 

NAD transhydrogenase reaction have been reported [1], but mvolvement of 
sulfhydryl groups m this activity was not  estabhshed. Such an involvement m 
the transhydrogenase actlwty was investigated by studying the effects of 
N-alkylmalemlldes on this activity. 

Incubatmn of oxidized enzyme with N-alkylmalelmldes dld not  result m any 
mactlvatmn of the transhydrogenase actlwty. However, lncubatmn of reduced 
enzyme with N-ethylmalelmlde resulted m a rapid, t ime-dependent pseudo- 
first-order lnactlvatmn process. Plots of pseudo-f~rst-order rate constants vs. 
N~ethylmalelmlde concentratmn were hnear and an apparent second-order rate 
constant  of mactlvatmn of  2.9 • 103 M -1 • mm -~ was determined. 

The transhydrogenase activity was also effectively mact~vated by the series 
of N-substituted male~mdes. The apparent second-order rate constants are 
hsted m Table I. As was observed m the mactlvatmn of the reductase act~wty 
the effectiveness of mact~vatmn again increased as the number of carbons m the 
N-alkyl chain increased. A lmear relatmnshlp was agmn observed in a plot of 
the logarithm of apparent second-order rate constant vs. carbon number as the 
N-alkyl chmn increased from N-ethyl to N-heptylmale~m~de. 

Protectmn of transhydrogenase actw~ty from mactwat~on by N-ethylmale~mzde 
Incubation of reduced enzyme with either AADP or NADP m the presence 

of N~ethylmalelmlde effectively protected the enzyme from mactlvatmn 
Therefore, a series of mono- and dmucleotldes at concentrations 3-t~mes their 
K, or Km values ~ere evaluated for protection against 50 p_M N-ethylmaleLmide 
mactlvatmn of yeast glutathmne reductase transhydrogenase actlwty. These 
results are shown in Table II. The mononucleotldes were agmn unable to pro- 
tect the enzyme. Lack of protectmn was also observed with FAD and NAD. 
Only the complete dmucleotldes were able to provide protectmn from N-ethyl- 
malenmde mactlvatmn of the transhydrogenase actlwty of the enzyme. The 
reduced coenzyme whmh is reqmred for enzymatm activity was unable to pro- 
tect  the enzyme from reactivation. Oxidized glutathmne whmh is not  a sub- 
strate for the transhydrogenase reactmn exhibited complete protectmn from 
mactlvatmn. 

N-Ethylmalelmlde mactwat~on of the dzaphorase actw~ty 
A third type of actlwty exhibited by yeast glutathlone reductase is a reduced 

dmucleotlde to ferncyanlde dlaphorase activity. The requirement for 
sulfhydryl groups in this activity was examined and only the reduced form was 
mactlvated by N-ethylmalenmde and m a lmear, t lme<tependent manner. A 
plot of  the relationship of pseudo-first-order rates of inactivation as a function 
of N~thylmalelmlde concentration was linear and yielded an apparent second- 
order rate constant  for mactlvatlon of 2 .7 .103  M -1. mm -1. Incubation of  
reduced enzyme with N-heptylmalelmlde resulted m higher pseudo-first-order 
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rates of  mactwatmn.  These rates were linear with respect to concentratmn and 
gave an apparent second-order rate constant  of 19 .0 .  103 M -1 - m m  -1. 

Inhtb~tzon studies 
A number of the compounds used m the protectmn experLrnents had not  

been evaluated prewously with respect to binding to the enzyme. Inhlbltmn by 
these compounds was studmd m two separate experiments. In the ftrst case, 
mhlbltmn was studmd as a functmn of varymg NADPH concentratmn. Imtlal 
velocity measurements made m the presence of NADP and plotted accordmg to 
Lmeweaver and Burk [20] are shown m Fig. 2. In a second set of expernnents, 
mhlbltmn of the enzyme by NADP was studmd under conditmns of constant 
NADPH and substrate, varying inhibitor concentratmn. Inhlbltmn at six con- 
centratmns of NADP was plotted accordmg to DLxon [21]. From these two 
types of mhlbl tmn studms, inhibitor dmsocmtmn constants were determined for 
a number of mono- and dmucleobdes and are hsted m Table III. 

Sulfhydryl tztraHon studtes 
The titration of SDS-denatured natwe oxidized enzyme with DTNB demon- 

strated the presence of four sulfhydryls per subumt of enzyme (59 000). After 
reduction of the enzyme with NADPH and subsequent SDS denaturation,  
DTNB titration revealed six sulfhydryls per subumt. Reduced enzyme more 
than 95% mactwated with N-phenylmalelmlde was observed by DTNB tl tratmn 
to contmn four sulfhydryls per subumt of enzyme. Two sulfhydryl groups were 
modffmd during the mactwatmn process. Oxidized enzyme was incubated with 
N-phenylmalelmlde under condltmns resulting m greater than 95% mactwatmn 
of  the reduced enzyme and subsequent DTNB tl tratmn indicated the presence 
of  four sulfhydryls per subumt. Therefore, N-phenylmalelmlde at the low con- 
centratmn used did not  modify  sulfhydryl groups m the oxidized form of the 
enzyme. These sulfhydryls were also observed to be unreactwe toward 
N-heptylmalelmlde 

The sulfhydryl groups of yeast glutathmne reductase were also tl trated with 
fluorescem mercuric acetate (FMA) [19]. The fluorescence of 14 concentra- 
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Fig 2 Competltlve Inhlbltlon of yeast glutathlone reductase by NADP NADPH concentratlons varmd 

from 3 6 to 19 ~M Reactlon mixtures contained 50 mM sodmm phosphate buffer, pH 7 5/0 67 mM 
oxlchzed  g l u t a t h l o n e / 0  8 m M  E D T A / N A D P H  in a to ta l  v o l u m e  of  3 ml  91 MM N A D P  (a  A), 27 /~M 
NADP (e e) and 0 NADP (e -~) 
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T A B L E  n I  

I N H I B I T I O N  OF G L U T A T H I O N E  R E D U C T A S E  BY V A R I O U S  M O N O -  AND D I N U C L E O T I D E S  

C o m p o u n d  T y p e  of  m h l b l t l o n  * K 1 QRM) 

L m e w e a v e r - B u r k  Dixon  

N A D P  c o m p e t i t i v e  27 26  
SNADP c o m p e t i t i v e  24  24  
A A D P  compet l t4ve  28 28  
A c P y A D P  c o m p e t i t i v e  30  27 
D m z o t l z e d  A A D P  compet4 t lve  6 6 - -  ** 
2 ' - phospho-ADP-Rlb  compet~t lve  2 1 1 9 
ADP-RIb  c o m p e t i t i v e  2 3 0 0  2 5 0 0  
2 'AMP c o m p e t i t i v e  91 1 0 0  
3 'AMP c o m p e t i t i v e  3 5 0 0  3 7 0 0  
5 'AMP compet l t4ve  6 8 0 0  9 7 0 0  
2 ' -phospho-5 ' -AMP compe ta t lve  0 4 1 
2'-mono-5'-dlphosphoadenosme compe ta t ive  1 9 0 5 
5 ' A D P  c o m p e t l t l v e  438  375  
3 ' -5 ' - cyehc  AMP c o m p e t l t l v e  8 0 0 0  6 0 0 0  
NMN competa tave  - -  * * 6 6 0 0  

FMN non -c ompe t l t a ve  - -  * * 150  
F A D  non -c ompe ta t l ve  1 3 8  1 3 5  

* I n l n b l h o n  was  m e a s u r e d  re la t lve  to  c o e n z y m e  
** Inh lb l t l on  c o n s t a n t  n o t  d e t e r m i n e d  b y  t lus m e t h o d  

tlons of FMA was measured alone and m the presence of two concentrations of 
native omdlzed enzyme. The fluorescence lntensltms obtained, plotted 
accordmg to Hsu and Lardy [22], are shown m Fig. 3. From the reflection 
points of the lines seen in the presence of enzyme, the tztratlon of  one sulf- 
hydryl  group per subunlt of oxidized enzyme was indicated. Titration of the 
reduced enzyme with FMA indicated the presence of three sulfhydryls per sub- 
unit.  FMA titration of the N-phenylmaleimlde-mactlvated enzyme showed the 
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E n z y m e  f o r m  F M A  t i t r a t ab le  D T N B  t i t ra tab le  A m l m e  re leased  
s u l f h y d r y l s / s u b u m t  su l fhyc t ry ls / subunt t  ( m o l / s u b u m t )  

Oxld~zed 1 1  ± 0 2  4 2  ± 0 1  0 
R e d u c e d  3 0 ± 0 4 5 9 ± 0 4 0 
N - P h e n y l m a l e l m l d e  0 9  ± 0 1  3 9  + 0 1  2 3  ± 0 3  

presence of one available sulfhydryl group per subunlt,  again Indicating that  
N-phenylmalelra]de inactivation modlfmd two sulfhydryls per subumt of 
enzyme. A summary of  these results is listed m Table IV. 

Concentrahons of FMA sufficient to tltrate three sulfhydryl groups per sub- 
unit  of  reduced glutathlone reductase were observed to Inactivate the reduced 
enzyme rapidly and irreversibly. Concentrations of FMA sufficient to tltrate 
the one available sulfhydryl group per subunlt m the oxidized enzyme did not  
cause inactivation when incubated with the oxidized enzyme. 

DTNB and FMA titration studies demonstrated the modification of two sulf- 
hydryl  groups per subunlt during the reactivation of the reduced enzyme by 
N-phenylmalelmlde. The actual amount  of N-phenylmalelmlde covalently 
attached to the enzyme during reactivation required a separate analysis. 
Reduced glutathmne reductase reactivated by N-phenylmalelmlde was desalted 
and hydrolyzed in 6 M HC1 to release anlhne from amino acid residues modi- 
fied by N-phenylmalelmlde The amlme released was assayed as described by 
Bratton and Marshall [18]. 2 mol aniline were hberated per subunlt of  
N-phefiylmalelmlde mactlvated enzyme (Table IV) indicating the absence of  
modification of enzyme groups other than sulfhydryls. 
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Fig 4 A b s o r b a n e e  s p e c t r u m  of  ye a s t  g lu t a th lone  r educ t a se  Line I ,  ox ld lzed  e n z y m e ,  Line  2, c o e n z y m a t -  
lcally r e d u c e d  e n z y m e ,  Line 3, e n z y m e  to ta l ly  r eac t iva t ed  by  N - p h e n y l m a l e l m l d e  Speclza have  n o t  been  
c o r r e c t e d  for  di lu t ion  
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The loss of  two sulfhydryls during reactivation by 20 pM N-ethylmalenmde 
was momtored  by fluorescence t l tratmn with FMA. At 23, 57, 75 and 94% 
mactlvatmn, 25.5, 43.4, 69.3 and 97.6%, respectively, of  the two sulfhydryls 
were modifmd, mdmatmg a correlation between mactlvatmn and modffmatmn 
of  the two reactive sulfhydryl groups. 

Spectral changes o f  mactwated enzyme 
Coenzymatlc reductmn of glutathmne reductase ymlds a two-electron 

reduced form of  the enzyme whmh exhibits an increased absorbance from 500 
to 700 nm charactemstm of a charge transfer complex [3].  The charge transfer 
band (lme 2 of  Fig. 4) was generated by  reductmn of  4 • 10 -9 mol enzyme with 
4 . 1 0  -7 mol NADPH m 10 mM sodmm phosphate,  pH 7.9/0.5 mM EDTA. 
After recording the reduced spectrum the enzyme was reactivated by  either 
N-ethyl,  N-heptyl or N-phenylmaletmlde. In each case, the spectrum of  the 
completely mactlvated enzyme (line 3, Fig. 4) did no t  change from that of  the 
reduced enzyme mdmatmg retentmn of  the charge transfer complex. 

Inactwat~on by dzazotzzed AADP 
The ability of  diazotlzed AADP to brad to yeast  glutathmne reductase was 

examined at varying NADPH concentratmn and at fLxed substrate concentra- 
tmn.  Imtml velocity measurements made m the presence of  dmzotlzed AADP 
were plot ted according to Lmeweaver and Burk. From the seines of  intersecting 
lines it was determined that  dmzotlzed AADP was a coenzyme competit ive 
mhlbltor of  the enzyme with a K1 of  6.6 ~M. 

Dmzotlzed AADP at concentratmns 3-times the K~ value of  6.6 ~M did not  
reactivate the reductase act lwty of  either the oxidized or reduced yeast  
enzyme. Increasmg the concentratmn of reagent to 100 p_M resulted m slow 
mactlvation of  the reduced form of the enzyme. Inactlvatmn occurred through 
a pseudo-ftrst-order process with a pseudo-ftrst-order rate constant  of  0.038 
mm -1. Concentratmns of  dmzotlzed AADP greater than 100 pM no longer 
mactlvated m a pseudo-hrst-order manner but  instead blphasm mactlvatmn was 
observed. When either 200 pM dmzotlzed AAD or dmzotlzed AADP were 
incubated with reduced enzyme equal rates of  mactlvatmn were observed. 

Discussion 

The reductase, dmucleotlde transhydrogenase and ferrmyamde dlaphorase 
actlvltms of yeast  glutathlone reductase have been shown in this s tudy to be 
rapidly and trreverslbly mactlvated by  a series of  strmght cham N-alkylmalel- 
mldes from N-ethyl to N-decylmalelmlde, reclusive. Protection expernnents and 
chmnlength effects mdmate that  all three actlvltms are altered to the same 
degree by  the N-alkylmaletmlde reactivation. Inactivation was only observed m 
the coenzymatmally reduced form of  the enzyme. Oxidized enzyme whmh con- 
tmns four DTNB tltratable sulfhydryl groups per subunlt  was neither reacti- 
vated nor modlfmd by incubation with mmromolar concentrations of  N-heptyl 
and N-phenvlmaleLmlde. One of  the four sulfhydryl groups of  oxidized yeast  
glutathmne reductase was prewously observed to be modffmd by N-ethylmalel- 
mlde [5],  however, prolonged incubation with milhmolar concentrations of  
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this reagent were required. Presumably,  the remalnmg three sulfhydryl groups 
of  the oxidized enzyme are buried in the enzyme molecule and inaccessible to 
these reagents In the absence of  denaturing conditions. Incubation of  the 
oxidized enzyme with nanomolar  concentrat ions of  FMA resulted m the 
modification of  one sulfhydryl group per subunit  of  enzyme. The bulkmess of  
the FMA molecule and the inability of  mlllimolar concentrations of  N-ethyl- 
malelmlde to modify  more than one sulfhydryl group per subunlt  argues for 
the location of  one sulfhydryl group at or near the surface of  the oxidized 
enzyme.  Although this sulfhydryl group appears more accessible to the aqueous 
environment,  it is not  sufficiently reactive to be modified by  mlcromolar con- 
centratlons of  N-heptyl  and N-phenylmalelmlde. 

Inactivation of  the reductase,  transhydrogenase and dlaphorase actlwtles of  
reduced glutathlone reductase by N-alkylmalelmldes was characterized by  an 
mcrease in the rate of  mactivation with an increase m the number  of  carbons of  
the N-alkyl substl tuent.  A linear relationship between rate of  inactivation and 
chalnlength was observed between the N-ethyl and N-heptyl  derivatives. The 
N-octyl  and N-nonylmalelmldes showed a less than projected effect  on the rate 
of  mactlvation of these actlwtles. Increasmg the number  of  carbons as m 
N<lecylmalelmlde resulted in a pronounced decrease m effectiveness m Inacti- 
vation. This decreased effectiveness could be due to either sterlc problems m the 
binding of  longer chain derivatives or a hmitatmn in the size of  the nonpolar  
regmn of the enzyme. Limited solubility of  the longer chmn maleimldes was 
ruled out  as a factor in the decreased effectiveness since very low concentra- 
tions were used and longer cham derivatives were observed to be effective 
mactlvators of  other  enzymes [ 10]. 

In prewous studms [7--11] of  the inactivation of  enzymes by  N-alkylmalel- 
mides, positive chamlength effects have been at t r ibuted to an enhanced binding 
of  these reagents to the enzyme. The ratm of second-order rate constants of  
inactivation by  N-heptyl  and N-ethylmalelmlde, k2 (heptyl)/k2 (ethyl), has 
served as an index of  the importance of  nonpolar  effects in the functioning of  
these compounds.  A few representative values for this ratio are 8.6 for yeast  
alcohol dehydrogenase [9],  18.4 for papmn [10],  11 for beef  muscle lactate 
dehydrogenase [8] and 5.0 for flcln [23] .  The values presented m Table V 
which were obtmned for the reductase, transhydrogenase and dlaphorase actlv- 
1tins fall m the range obtamed with the above enzymes. When nonpolar inter- 
actions are not  important ,  a ratio close to uni ty  has been observed, for  
example, 1.3 for yeast  glucose-6-phosphate dehydrogenase [9],  0.6 for yeast  
6-phosphogluconate dehydrogenase [24] and 1.0 for reactions with cysteme 
and glutathmne [9].  From the ratms presented in Table V all three actiwtms of  

TABLE V 

CHAINLENGTH EFFECTS FOR YEAST GLUTATHIONE REDUCTASE INACTIVATION 

Activi ty  N-ethyl  N-heptyl  h 2 (N-heptyl)  
k2 ( M-I  m m - 1 )  k2 ( M-I  m m - 1 )  h 2 (N-ethyl) 

R e d u c t a s e  2 3 103 17 0 103 7 4 
Transhydrogenase 2 9 103 23 5 103 8.1 
Dmphorase 2 7 10 3 19 0 10 3 7 0 
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yeast  glutathlone reductase have the same chmnlength effect.  This would sug- 
gest that  a sulfhydryl group essential to all three actlvltms is located m or very 
near a hydrophobm regmn on the enzyme. Schulz and coworkers [25] have 
proposed a hydrophobm region near the active site of  human erythrocyte  
enzyme whmh is beheved to faclhtate binding of  the benzene portion of  the 
lsoalloxazme ring of  FAD. The posslblhty emsts that  a hydrophobm region may 
also occur m the yeast glutathlone reductase and be responsible for the non- 
polar effects m the functioning of  the N-alkylmalelmldes. 

The reactivation of enzymes by N-alkylmalelmldes cannot be attributed 
speclfmally to the modlfmatlon of  sulfhydryl groups wi thout  further expen- 
mentatmn Reactions of  N-ethylmalenmde with hlstldme, lysme and N-termmal 
ammo groups of  proteins have been reported [26].  The mactlvatmn of yeast  
glutathmne reductase by N-phenylmalenmde was demonstrated to revolve the 
modffmatmn of sulfhydryl groups only. This conclusmn arises from the obser- 
vatmn that the number  of sulfhydryl groups disappearing durmg mactlvatmn 
equalled the number of molecules of  aniline released from the modffmd 
enzyme by acid hydrolysis. The rate of  mactlvatmn of the enzyme by N-ethyl- 
malelmlde equalled the rate of modffmatmn of the two reactive sulfhydryl 
groups of the enzyme. 

Although the positive chamlength effects observed m the mactlvatmn of the 
yeast  enzyme by N-alkylmalelmldes were consistent with those observed m the 
mactlvatmn of several other enzymes, the reactlwty of  the glutathmne reduc- 
tase sulfhydryl groups was considerably higher. The apparent second-order rate 
constant for mactlvatmn of yeast  glutathmne reductase by N-ethylmaleumde 
(2 .3 .103  M -1- mm -1) was 173-times greater than that observed with yeast  
alcohol dehydrogenase and 14-times greater than that observed with papmn. 
The latter comparison is of specml interest since the sulfhydryl group of  papmn 
is a catalytmally functmnal group. This higher reactlwty m the N-alkylmalel- 
mlde mactlvatmn of the reductase, transhydrogenase and dmphorase actlvltms of 
glutathmne reductase is consistent with the modffmatmn of an essential sulf- 
hydryl  group or groups revolved m all three of  these actlwtms. 

The two sulfhydryl groups of  yeast glutathmne reductase produced through 
reductmn with NADPH have been locahzed with respect to N-termmal and 
C-termmal residues by Jones and Wflhams [27] mdmatmg that  the sulfhydryl 
closest to the N-terminus partmlpates m disulfide interchange with the sub- 
strate, omdlzed glutathmne, and can be specffmally alkylated by reactmn with 
mdoacetamlde [4]. The second sulfhydryl closer to the C-terminus was not  
modffmd by mdoacetamlde.  The mdoacetamlde-mactlvated enzyme was 
observed to retain dmphorase actlwty and exhibited a charge transfer band. It is 
therefore of  special mterest  that  the mactlvatmn of reduced yeast  glutathmne 
reductase by N-alkylmalelm~des resulted m the modffmatmn of two sulfhydryl 
groups per subumt of  reduced enzyme and produced an mact~vatmn of  all three 
catalytm act~wtms of  the enzyme. An argument for the modffmatmn of  both of  
the omdatmn-reductmn active sulfhydryl groups appears warranted, however,  
the retentmn of the charge transfer band during mact~vatmn by malenmdes 
would be mconslstent w~th th~s argument assuming the charge-transfer band ~s 
due solely to the sulfhydryl-FAD mteractmn. An alternate explanatmn would 
be the mvolvement of a third sulfhydryl group m the reduced enzyme, which 
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may or may not  be necessary for transhydrogenase and dlaphorase activity, bu t  
whmh is rapidly modified by  reaction with malenmdes. 

Reversible mhlbi tmn of yeast  glutathlone reductase was observed with a 
number  of  mono- and dmucleotldes (Table III). A comparison of  the 
coenzyme-competl t lve mhlbltors demonstrates the nnportance of  a 2'-phos- 
phate group m the binding of  these compounds  to the enzyme, consistent with 
the known coenzyme specifmlty of  this enzyme. The same compounds  were 
tested for protect ion of  the enzyme agmnst N-alkylmalelmlde inactivation. 
Only the dmucleotldes,  SNADP, NADP, AcPyADP and AADP provided sub- 
stantlal protect ion against this reactivation (Table II). Thus, the positively 
charged p y n d m m m  nng system appeared necessary for the protective effect.  
The reqmrement  for a complete  dmucleot lde and no t  just  the pyrldlnium ring 
system is evident by  the mabfllty of  NMN to protect  the enzyme. The slmul- 
taneous addition of  NMN and 2'-phospho-5'AMP was unable to overcome this 
lack of NMN protectmn.  If an active site geometry homologous to that  
observed m X-ray studms of e ry throcyte  glutathlone reductase [6] is assumed, 
then a physmal separatmn of the oxldatmn-reductmn active disulfide and the 
p y n d m e  nucleotlde binding site, shmlded by  the lsoalloxazme ring of  FAD, 
would be expected.  The requirement for an intact dlnucleotlde molecule for 
pro tec tmn may mdmate an mduced conformatlonal  change on binding whmh 
results m the reactive sulfhydryl groups bemg less accessible to N-alkylmalel- 
mldes. 

The suggestmn that  bmdmg a dmucleot lde ehclts a conformatmnal  change is 
strengthened by reported dmucleot lde t l tratmn of dlthmnlte- or borohydmde- 
reduced enzyme [28--30] .  Spectral data from these studies mdmated that 
chemmally reduced enzyme exhibited a different charge-transfer band than that  
of  coenzymatmally reduced enzyme. Tltratmn of chemically reduced two- 
electron reduced enzyme with NADPH caused a progressive increase m the 
550--700 nm absorbance of  the charge-transfer band whmh eventually became 
indistinguishable from a charge-transfer band produced by  NADPH reductmn.  
NADP titration of  two-electron reduced enzyme on the other hand, resulted m 
a decrease of  the 550--700 nm absorbance of  the charge-transfer band resulting 
m an entirely different spectrum than the one obtmned from NADPH tltratmn. 
These data suggest that  NADPH and NADP bmd differently to the enzyme and 
result m different  enzyme conformatmns.  

Lack of  protect ion by NADPH is difficult to explam m the light of  the 
prevmus dlscussmn. The data of  Bulger and Brandt [28] suggest NADPH is 
capable of  binding to the two-electron reduced form of  the enzyme and there- 
fore should have the abihty to protect  the enzyme. However,  based on the 
X-ray data of  Schultz et  al. [25] ,  the pymdme rmg is not  tightly bound to the 
enzyme and is therefore able to assume at least two ormntatmns upon binding. 
The pro tec tmn data suggest that  in whmhever orlentatmn NADPH brads it does 
not  protect  the enzyme from N-ethylmalelmlde mactlvatmn. Protectmn of the 
enzyme by oxidized glutathione can be explamed on the basis of  reoxldatmn to 
the disulfide form of the enzyme. This was ruled ou t  as a factor in the protec- 
tmn by dlnucleotldes since AADP has been demonstrated no t  to be chemmally 
or enzymatmally reduced [12,13] ,  and spectral data do not  mdmate a reoxlda- 
tmn of  the enzyme by AADP [31].  
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Dlazotlzed AAD and AADP have been demonstrated to be slte-labelhng 
reagents for several pyrldlne nucleotlde-requlnng enzymes selectively modi- 
fying sulfhydryl groups located nearby the coenzyme blndmg sites of  these 
enzymes [12,13,32--34] .  

If either of  the two reactive sulfhydryl groups modified by malelmldes was 
located near the pyrldmlum rmg region of the NADP binding sites of  yeast 
glutathmne reductase, a site-directed inactivation by dmzohzed AADP would 
be expected. The mablhty of  dmzotlzed AADP to reactivate the enzyme sug- 
gests a different location for the two reactive sulfhydryl groups. This observa- 
tmn is consistent with the mterpretatlon that the protection by dlnucleotldes 
against malelmlde lnactlvatmn occurs through an reduced conformatlonal 
change of  the enzyme rather than a d~rect blocking of  the accessibility of  these 
functional groups. Inactlvatmn of  the reductase by higher concentrations of  
dlazohzed AADP can be considered to be a nonspeciflC process as witnessed by 
the fact that dlazotlzed AAD, whmh is not selectively bound to the enzyme, 
functions m an identical manner. 
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