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Summary 

Bovine heart submitochondrial  particle transhydrogenase is inhibited by 
cations in a concentrat ion and pH-dependent  manner, and non-energy-linked 
transhydrogenation is inhibited to a greater extent  by metals than the energy- 
linked reaction. The inhibition of the enzyme by Mg 2÷ is competitive with the 
NADP substrate and non-competit ive with the NAD substrate. Mg 2÷ stimulates 
inactivation of  the enzyme by 5,5'-dithiobis(2-nitrobenzoic acid), and protects  
against thermal and proteolyt ic  inactivation. This suggests that Mg 2÷ binding 
in the NADP site alters transhydrogenase to a more thermostable conforma- 
tion, which is less susceptible to at tack by trypsin and more reactive with 
5,5'-dithiobis(2-nitrobenzoic acid). Other cation inhibitors mimic Mg 2÷ in these 
properties. The order of  effectiveness of  the inhibitors tested is La 3÷ > Mn 2÷ > 
Ca 2÷ ~ Mg 2÷ > Sr 2* > Na* ~ K*. This order is described by the Irving-Williams 
order for the stability of  metal-ligand complexes, suggesting that carboxylates 
or amines may comprise the inhibitory cation binding site. 

Introduct ion 

Mitochondrial inner membrane-bound pyridine dinucleotide transhydro- 
genase catalyzes a reversible transfer of  a hydride ion equivalent between intra- 
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mitochondrial  NADH and NADP ÷ (Eqn. 1) [1--3]. 

NADH + NADP ÷ ~ NAD ÷ + NADPH (1) 

Energization of submitochondrial membranes by oxidation of respiratory chain 
substrates or ATP hydrolysis enhances the forward reaction rate several fold 
[1--3] and increases the apparent equilibrium constant from 1 to nearly 500 
[4]. Recently,  HSjeberg and RydstrSm [5] and Earle et al. [6] reconsti tuted 
purified bovine heart  transhydrogenase in phosphatidylcholine liposomes and 
demonstrated that  transhydrogenation between NADPH and NAD ÷ is linked to 
the formation of an electrochemical potential and a pH gradient across the 
membrane,  respectively. Hence, the energy-linked transhydrogenase reaction 
may be described by coupling proton translocation across the membrane to the 
oxidation-reduction reaction (Eqn. 2), where c and m represent the cytosolic 
and matrix sides of the inner mitochondrial  membrane.  

+ 

nHc + NADH + NADP ÷ ~ nH~ + NAD ÷ + NADPH (2) 

That separate NAD and NADP binding domains form the transhydrogenase 
active site is illustrated by (a) stereospecific transfer of hydrogen from the 4A 
locus of NADH to the 4B locus of NADPH [7], (b) identification of site- 
specific inhibitors competitive for binding with either NAD or NADP substrates 
[8], and (c) kinetics which indicate that  the reaction proceeds through a 
ternary complex, where in both directions the NAD substrate binds prior to the 
NADP substrate [8,9]. 

Divalent metal ions, including Mg 2+, Ca 2÷, Ba 2÷, Sr 2+, and Mn :+, inhibit 
non-energy-linked transhydrogenation [4,10--12].  Mg 2÷ has been reported to 
inhibit the energy-linked reaction to a greater degree than the non-energy- 
linked reaction [ 11,13], with the extent  of inhibition increasing with increasing 
medium pH [13]. The nature of cation inhibition is not  established. Hommes 
[11] reported Mg 2÷ to be a competitive inhibitor of NAD ÷ binding, but  a non- 
competitive inhibitor of  NADH binding. RydstrSm [8], however, was unable 
to conclude whether  the inhibitory Mg 2÷ binding site is in the NAD domain, 
the NADP domain, or elsewhere on the enzyme. 

Materials and Methods 

Bovine heart  mitochondria  and submitochondrial particles were prepared as 
described previously [ 14]. 

Sulfhydryl group modifications. Submitochondrial particles (0.3--0.5 mg 
protein) were preincubated at indicated pH under  non-energized conditions at 
22°C in a medium (0.61 ml) consisting of  20 mM Tris/acetate plus the sulf- 
hydryl  reagent and other  additions as indicated. The preincubation medium for 
energized membranes contained in addition 7.5 mM sodium succinate and 
3 ~zg oligomycin. The modified membranes were assayed immediately for 
reverse non-energy-linked transhydrogenase activity by diluting the preincuba- 
tion mixture to 3 ml with the assay mixture. 

Thermal inactivation. Submitochondrial  particles (0.4 mg protein) were pre- 
incubated at 53°C for 110 s in a medium {0.61 ml) consisting of 20 mM Tris/ 
acetate, pH 7.5, plus indicated additions. The mixtures were taken to 0°C in 
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an ice/water bath and assayed for residual reverse non-energy-linked trans- 
hydrogenase activity after warming to room temperature.  Controls were per- 
formed identically by preincubation at 22 ° C. 

Proteolytic inactivation. Submitochondrial  particles (0.4 mg protein) were 
preincubated for 1 min at 22°C in the presence of 30 pg DPCC-treated trypsin, 
20 mM Tris/acetate, pH 7.5, and where indicated 7.5 mM sodium succinate, 
3 pg oligomycin, 5 mM MgC12, and 100 #g trypsin inhibitor. The reaction was 
terminated by immediately diluting the preincubation mixture (0.61 ml) to 
3 ml with the reverse non-energy-linked transhydrogenase assay medium. 

Transhydrogenase assay. Non-energy-linked reverse transhydrogenase activity 
was assayed according to Blazyk et al. [12] at 22°C in a medium (3 ml) con- 
taining submitochondrial particles (0.4--0.6 mg protein), 100 mM Tris/acetate, 
pH6.8 ,  0 .5gM rotenone,  150pM NADPH, 190#M AcPyAD ÷, and other 
indicated additions. 

In kinetic studies on the forward transhydrogenase reaction the assay mix- 
ture (3 ml) contained 0.23 mg submitochondrial particle protein, 100 mM Tris/ 
acetate, pH 7, 0.5 pM rotenone,  120 pM NADH, and 50 pM thio-NADP ÷. The 
formation of thio-NADPH was monitored as an increase in absorbance at 
395 nm assuming a millimolar extinction coefficient of  11.3 cm -1 [15]. The 
reverse reaction medium was identical except 0.04 mg protein was assayed 
and 120 pM AcPyAD ÷ and 120 pM NADPH were the substrates. Formation of 
AcPyADH was determined as described for the standard assay. The K m values 
obtained were 15 pM NADH, 1.5 pM thio-NADP ÷, 15 pM NADPH, and 12 #M 
AcPyAD ÷. 

Pyridine dinucleotides, with the exception of  AcPyAD ÷ which was prepared 
by the method of Kaplan and Ciotti [16], were purchased from P-L Bio- 
chemicals. Antimycin A was from Calbiochem. 5,5'-Dithiobis(2-nitrobenzoic 
acid), p-chloromercuribenzoic acid, p-chloromercuriphenylsulfonic acid, 2,2'- 
dithiodipyridine, N-ethylmaleimide, formamidine disulfide dihydrochloride, 
iodoacetamide, iodoacetate,  soybean trypsin inhibitor, and DPCC-treated 
trypsin were from Sigma Chemical Co. 6,6'-Dithiodinicotinic acid and 2,2'- 
thiodiethanethiol  were purchased from Aldrich Chemical Co. All reagent grade 
inorganic salts were products from Fisher Scientific. 

Results  

Cation inhibition of transhydrogenase 
At pH 7.0 the  inhibition of  bovine heart  submitochondrial reverse non- 

energy.linked transhydrogenase is a function of  the concentrat ion of the 
divalent cations, Ca 2÷, Mg 2÷, Mn 2÷, and Sr 2÷, as well as the trivalent ion, La 3÷ 
(Fig. 1). Cation concentrations giving 50% inhibition of transhydrogenase 
activity were approximately 25 mM Sr 2÷, 20 mM Ca 2÷ or Mg 2÷, 10 mM Mn 2÷ 
and 100/~M La 3÷. RydstrSm et al. [13] reported that  Mg 2÷ inhibition of  trans- 
hydrogenase increases with increasing pH. A similar inhibitory pattern is seen 
with Ca :÷, Mn 2+, and Sr 2÷ (Fig. 2). With 200 #M La 3÷, inhibitor effectiveness 
increases similarly from pH 5.5 until precipitates of La(OH)3 form at about 
pH 8.0. When the effects of  K ÷, Na ÷, and T1 ÷ are tested at a pH particularly 
favorable for divalent cation inhibition (pH 7.9) it is evident that  monovalent  
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Fig.  1. C o n c e n t r a t i o n  d e p e n d e n c e  o f  ca t ion  inh ib i t ion  o f  reverse  tranahydrogenase .  The  e f f e c t  of  the 
ind icated  c o n c e n t r a t i o n s  o f  C a  2+ (o ) ,  Mg 2+ (e)~ M n  2+ ( e ) ,  Sr  2+ (o ) ,  a n d  'La 3+ ( a )  on  tranzhydrogenase  
(0 .5  m g  s u b m i t o c h o n d r i a l  part ic le  p r o t e i n )  w a s  ambeued at p H  7 as descr ibed  under  Materials  and Meth -  
ods.  Percen t  c o n t r o l  ac t iv i ty  c o m p a r e s  e x p e r i m e n t a l  rates  in the  presence  o f  ca t ion  to  the  rate ob ta ined  
in  the  absence  o f  added  ca t ions ,  2 5 S  n m o l  A c P y A D H  f o r m e d / m i n  per  m g  prote in .  

Fig .  2 .  p H  d e p e n d e n c e  o f  d iva lent  ca t ion  inh ib i t ion  o f  reverse  tranahydrogenase .  S u b m i t o c h o n d r i a l  
part ic les  ( 0 . 5 0  m g  p r o t e i n )  w e r e  assayed for  t ranshydrogenase  act iv i ty  at  the  indicated  pH and in the  
presence  o f  e i ther  1 0  m M  C a  2+ (o)., 1 0  m M  Mg 2+ (e ) ,  5 m M  M n  2+ ( - ) ,  1 0  m M  Sr  2+ ([]), o r  2 0 0  #M L a  3+ 
(~) as descr ibed  under  Materials  and M e t h o d s .  C o n t r o l  rates  w e r e  in the  a bsence  o f  added  cat ions .  

cations also inhibit transhydrogenase, albeit at much higher concentrations 
{Fig. 3). About 200 mM K ÷ or Na ÷ was required for 50% inhibition of  trans- 
hydrogenation, whereas T1 ÷ was a nearly 10-fold more effective inhibitor. 
Thallium has also been found to be nearly 10-fold more effective than K ÷ in 
binding to (Na ÷ + K+)-ATPase [17--20] ,  Ca2*-dependent ATPase [21] ,  diol 
dehydrase [22] ,  and pyruvate kinase [22,23] .  Similar to divalent and trivalent 
cations, greater inhibition by monovalent ions was observed at higher pH. 
Inhibition by either 300 mM Na ÷ or K ÷ increased from 40% at pH 5.5 to 95% 
at pH 8.5. 

Kinetics of  cation inhibition 
Rydstr6m [24] has presented kinetic data suggesting that proton concen- 

tration regulates transhydrogenase activity by converting an inactive conforma- 
tion of  the enzyme to an active conformation in a manner similar to membrane 
energization. In view of  the fact that cation inhibition is pH dependent, it was 
of  interest to determine if cations compete with protons for a binding site or 
sites on the enzyme. Fig. 4 shows a double-reciprocal plot of  the effect of  
10 mM and 30 mM Mg 2÷ on the reduction of  AcPyAD ÷ by NADPH over the 
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Fig.  3. C o n c e n t r a t i o n  d e p e n d e n c e  o f  m o n o v a l e n t  c a t i o n  i n h i b i t i o n  o f  reverse  t r a n s h y d r o g e n a s e .  S u b -  
m i t o c h o n d r i a l  p a r t i c l e s  ( 0 . 6 1  m g  p r o t e i n )  w e r e  a s s a y e d  a t  p H  7 .9  f o r  t r a n s h y d r o g e n a s e  a c t i v i t y  in  the  
p r e s e n c e  o f  t h e  i n d i c a t e d  c o n c e n t r a t i o n  o f  K + (A), N a  + (A), o r  T1 + (o)  as d e s c r i b e d  u n d e r  Ma te r i a l s  a n d  
M e t h o d s .  P e r c e n t  c o n t r o l  a c t i v i t y  c o m p a r e s  e x p e r i m e n t a l  r a t e s  in  t he  p r e s e n c e  o f  c a t i o n  t o  t he  r a t e  
o b t a i n e d  in  t he  a b s e n c e  o f  a d d e d  c a t i o n .  

Fig .  4.  K i n e t i c s  o f  Mg 2+ i n h i b i t i o n  o f  reverse  t r a n s h y d r o g e n a s e  a t  v a r i o u s  p r o t o n  c o n c e n t r a t i o n s .  Sub -  
m i t o c h o n d r i a l  p a r t i c l e s  ( 0 . 5 0  m g  p r o t e i n )  we re  a s s a y e d  f o r  t r a n s h y d r o g e n a s e  ac t i v i t y  in  t h e  p r e s e n c e  o f  
e i t h e r  1 0  m M  MgCI 2 (m), SO m M  MgCI 2 (o) ,  o r  n o  a d d e d  c a t i o n s  (o)  ove r  t he  p H  r a n g e  6.5----8.0 in T r l s /  
a c e t a t e  b u f f e r  as d e s c r i b e d  u n d e r  Ma te r i a l s  a n d  M e t h o d s .  

pH range 6.5--8.0. These data are not  consistent with pure competi t ion 
between protons and Mg 2÷ indicating either that  cations (a) do not  directly 
compete  for a protonat ion site that  regulates activity or (b) not  only compete  
with a regulatory protonat ion site, but  also influence activity by  binding to 
other  sites. 

Previous kinetic studies using regenerating systems for NAD* in the reverse 
transhydrogenase reaction and for NADH in the forward reaction implicated 
Mg 2+ as a competit ive inhibitor of  NAD ÷ binding and a non-competit ive 
inhibitor of  NADH binding [11].  These studies could not  be confirmed by 
RydstrSm, who concluded that Mg 2÷ was no t  competit ive with either the NAD 
or NADP substrate [8].  A re-investigation of Mg 2÷ inhibition using substrate 
analogs instead of  substrate regeneration systems is presented in Figs. 5 and 6. 
As demonstrated in Fig. 5, Mg 2+ was competitive with NADPH {panel A) and 
non-competi t ive with AcPyAD ÷ (panel B) in the reverse transhydrogenase reac- 
tion. Correspondingly, in the forward reaction Mg 2÷ is a competit ive inhibitor 
of  thio-NADP ÷ (Fig. 6, panel A) and a non-competit ive inhibitor of NADH 
(Fig. 6, panel B). In both  directions the Ki for Mg 2÷ was about  2.5 mM at 
pH 7.0. Similar results were found with Ca 2÷ (O'Neal, S.G. and Fisher, R.R.,  
unpublished data). 
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Fig. 5. K i n e t i c s  o f  M g  2+ i n h i b i t i o n  o f  r e v e r s e  t r a r t a h y d r o g e n a s e .  S u b m i t o c h o n d r i a l  p a r t i c l e s  ( 0 . 0 4  m g  
p r o t e i n )  w e r e  a ~ a y e d  a t  2 2 ° C  i n  t h e  a b s e n c e  e n d  p r e s e n c e  o f  M g  2+,  i n  a m e d i u m  (3.0 ml) c o n t a i n i n g  
0.1 M Trls/acetate, pH 7.0, and 1.4 #M rotenone, In Expt. A, AePyAD + w a s  p r e s e n t  a t  120 ~tM w i t h  
e i t h e r  n o M g  2+ (o), 2.5 mM Mg 2+ (o), or 5 mM Mg2+ (I) .  In Expt. B. NADPH w a s  p r e s e n t  a t  120 #M w i t h  
e i t h e r  n o  M g  2+ ( o ) ,  5 m M  M g  2+ ( ~ ) ,  o r  1 0  m M  M g  2+ ( e ) .  

Effect of  cations on Nbs2 inactivation 
We have previously reported that Mg 2+ simulates the rate of transhydro- 

genase inhibition by the sulfhydryl reagent Nbs2, presumably by increasing the 
reactivity of  a NADP site cysteinyl residue [14,25]. Table I shows the effect of  
Mg 2÷ on the transhydrogenase inhibition by a variety of  sulfhydryl reagents. 
Significant stimulation of  inactivation was found with disulfides, particularly 
acid disulfides. Hence, it might be argued that Mg 2÷ potentiation of Nbs2 inacti- 
vation results from a nonspecific interaction of the cation with the Nbs2 
carboxylate, thus increasing the electrophflicity of  the disulfide bond. This 
seems unlikely since the reaction of  equimolar concentrations of  reduced 
glutathione and Nbs2 at pH 7.4, monitored as an increase in free thionitro- 
benzoate anion absorbance at 412 nm, is unaffected by the presence of 1--10 
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Fig .  6 .  K i n e t i c s  o f  Mg 2+ i n h i b i t i o n  o f  f o r w a r d  t r a n s h y d r o g e n a s e .  S u b m i t o c h o n d r i a l  p a r t i c l e s  ( 0 . 2 3  m g  
p r o t e i n )  we re  a s s a y e d  At 22°C in the a b s e n c e  o r  p r e s e n c e  o f  Mg 2+  in  a m e d i u m  (O.0 m l )  c o n t a i n i n g  
0 .1  M T r i s / a c e t a t e ,  p H  7 .0 ,  a n d  1 .4  # M  r o t e n o n e .  In  E x p t .  A ,  N A D H  w a s  present  At 120  #M wi th  either 
n o  Mg 2+ (o ) ,  5 mM Mg 2+ (0) ,  or  10  m M  Mg 2+ (u).  In Expt .  B, t h i o - N A D P  + w a s  present  at 50  J~M wi th  
either n o  M g 2 + ( o ) ,  7 .5  m M  M g 2 + ( o ) ,  o r  1 5  m M  Mg 2+ ( i ) .  

mM Mg 2.. Mg2+-induced sensitivity of transhydrogenase to sulfhydryl group 
inactivation might also be accounted for if Mg 2. binding in the vicinity of the 
active site lowers the pK. of reactive cysteinyl residues, thereby increasing the 
relative population of the more reactive mercaptide ion [26]. An investigation 
of the effect of Mg 2. on Nbs2 inactivation at different H* concentrations 
indicates that the reactivity of the sulfhydryl group is raised slightly, not 
lowered (data not shown). Hence, increased sulfhydryl group reactivity may 
result from a Mg2*-induced conformational change of the enzyme which allows 
greater accessibility of certain modification reagents to the NADP binding site. 
The lack of stimulation of N-ethylmaleimide inactivation by Mg 2. is consistent 
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T A B L E  I 

E F F E C T  OF MgCI 2 ON N O N - E N E R G Y - L I N K E D  T R A N S H Y D R O G E N A S E  I N A C T I V A T I O N  BY A 
V A R I E T Y  OF S U L F H Y D R Y L  R E A G E N T S  

Submitochondr ia l  particles (0 .36  rag prote in)  were pre incubated  at p H  7.5 in the presence or absence  o f  2 
raM MgC12 plus the indicated su l fhydryl  reagent,  and then  were  assayed for reverse non-energy- l inked 
transhydrogenase  act ivi ty  as described under M a t e ~ d s  and Methods ,  Act iv i ty  indicates  nraol  A c P y A D H  
forraed/min  per rag protein.  Su l fhydry l  reagents were  freshly prepared b y  solubi l iz ing in a minimal  
v o l u m e  of  e thanol  and then  diluting to v o l u m e  wi th  distil led water .  NEM, N-ethy lmale imide .  

Preincubat ion Transhydrogenase  act ivi ty  

- -  Mg2 + + Mg 2+ 

Activ i ty  % contro l  Act ivi ty  % control  

Exp t .  I 
N o n e  145  i 0 0  145  I 0 0  
Nbs2 (20)  72 49  I I  8 
FDS (200 )  83 57 62 43  
DTP (200 )  80  55 62  43 
PCMBS (3)  109 75 93 64 
T D E T  (500)  91 63 81 56 

Exp t .  I I  
N o n e  125  100 124  99 
Nbs2 (20)  64  51 15  12 
D T N A  (100 )  81 64  36 29 
PCMB (4)  63 50 63 50 

Exp t .  I I I  
N o n e  115  100  114  100 
Nbs2 (20 )  53 46  22 19 
NEM ( 1 0 0 0 )  41 36 40  35 

with the observation that the reagent inhibits transhydrogenase through modi- 
fication of  a peripheral cysteine and does not react with the NADP~ite cys- 
teinyl residue [25]. 

A comparison of the effects of Mg 2÷ and other multivalent cations on Nbs2 
inactivation of  transhydrogenase is given in Fig. 7. As can be seen all the ions 
tested promoted inactivation, with half-maximal effects observed at 9.6 mM 
Mg 2÷, 0.25 mM Ca 2÷, 0.1 mM Mn 2+, 0.4 mM Sr 2+, and 50 p2VI La 3+. Increasing 
concentrations of  monovalent cations in the range of  0--20 mM affect a modest 
stimulation of  Nbs2 inactivation (Fig. 8). However, this effect is reversed and 
protection against inactivation results if the cation concentrations exceed 75 
raM. This suggested that both high and low-affinity cation binding sites exist on 
transhydrogenase which, when occupied, induce the formation of distinct 
transhydrogenase conformers with differing sulfhydryl group reactivities. If 
two such classes of cation binding sites exist, it would be expected that 
enhancement of Nbs2 inactivation afforded by low concentrations of di- and 
trivalent cations, presumably bound to the high-affmity sites, would be 
reversed in the presence of  high concentrations of  monovalent cations binding 
to the low-affinity sites. Table II shows the effect of  120 mM IC on the di- and 
trivalent cation stimulation of  transhydrogenase inactivation by Nbs2. Under 
conditions where high K ÷ concentlation exerts essentially no net influence over 
sulfhydryl group reactivity, the stimulation of  Nbs2 inactivations by other 
cations is significantly decreased. 
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t i o n  in  t he  p r e s e n c e  o f  e a c h  c a t i o n  to  t h e  r a t e  o b t a i n e d  in  t he  a b s e n c e  o f  t h a t  c a t i o n :  ~,  La3+; o ,  Ca2+; 
~, St2+; e, Mg2+; a, M n  2+. 

Fig.  6.  E f f e c t  o f  m o n o v a l e n t  c a t i o n s  o n  N b s  2 i n a c t i v a t i o n  o f  t r a n s h y d r o g e n a s e .  S u b m i t o c h o n d r i a l  p a r t i -  
cles  ( 0 . 5 0  m g  p r o t e i n )  w e r e  p r e i n c u b a t e d  ( p H  7 .5 )  f o r  4 m i n  a t  2 2 ° C  in  the  p r e s e n c e  o f  20 /~M N b s  2 
a n d  t h e  i n d i c a t e d  c o n c e n t r a t i o n  o f  c a t i o n ,  K + (A) o r  N a  + (A), t h e n  a s s a y e d  f o r  t r a n s h y d r o g e n a s e  a c t i v i t y  
all as d e s c r i b e d  u n d e r  Ma te r i a l s  a n d  M e t h o d s .  P e r c e n t  c o n t r o l  a c t i v i t y  c o m p a r e s  e x p e r i m e n t a l  r a t e s  a f t e r  
paz t i a l  N b s  2 i n a c t i v a t i o n  in  t he  p r e s e n c e  o f  e a c h  c a t i o n  t o  t he  r a t e s  o b t a i n e d  in  t he  a b s e n c e  o f  t h a t  c a t i o n .  

T A B L E  II 

E F F E C T  O F  1 2 0  m M  KC1 O N  DI- A N D  T R I V A L E N T  C A T I O N  P O T E N T I A T I O N  O F  Nbs  2 I N A C T I V A -  
T I O N  O F  N O N - E N E R G Y - L I N K E D  T R A N S H Y D R O G E N A S E  

S u b m i t o c h o n d r i a l  pa r t i c l e s  (0 .3  a n d  0 . 5 5  m g  p r o t e i n  f o r  E x p t s .  I a n d  II,  r e s p e c t i v e l y )  w e r e  p r e i n c u b a t e d  
a t  2 2 ° C  f o r  4 mil l  in  a m e d i u m  (pH 7 .5 )  c o n t a i n i n g  2 0  /~M Nbs  2 p lu s  1 2 0  m M  KCI  a n d  o t h e r  c a t i o n s  as 
i n d i c a t e d ,  a n d  w e r e  t h e n  a s s a y e d  f o r  t r a n s h y d r o g e n a s e  a c t i v i t y  as d e s c r i b e d  u n d e r  Mate r i a l s  a n d  M e t h o d s .  
In  e a c h  e x p e r i m e n t  p e r c e n t  c o n t r o l  a c t i v i t y  has  b e e n  c o m p u t e d  b y  c o n s i d e r i n g  t h e  ac t i v i t y  o b t a i n e d  in  
t h e  a b s e n c e  o f  Nbs2  a n d  c a t i o n s  as 1 0 0 % .  C o n t r o l  r a t e s  we re  1 7 0  a n d  9 5  n m o l .  A c P y A D H  f o r m e d / m i n  
p e r  m g  p r o t e i n  f o r  E x p t s .  I a n d  II ,  r e spec t i ve ly .  

P r e c i n c u b a t i o n  % c o n t r o l  a c t i v i t y  
a d d i t i o n s  
(pM) - -  KCI + KCI  

E x p t .  I 
N o n e  59  6 2  
Ca 2+ ( 2 5 0 )  31  6 6  
Sr  2+ ( 4 0 0 )  2 5  4 4  
Mg 2+ ( 6 0 0 )  2 5  4 4  
M n  2+ ( 1 0 0 )  3 4  4 4  

E x p t .  II 
N o n e  6 5  6 8  
L a  3+ (50 )  4 6  6 2  
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Fig. 9. Effect  of divalent  cations on transhydrogenase thexlmostabll/ty. Submitochondr la l  particles (0.36 
mg protein)  weze pre ineubated at  53°C for 110 s in the presence  o f  the indicated cat ion concentrat ion ,  
then were assayed for  transhydrogenase  activity as described under  Materials and Methods .  Percent con- 
t rol  act ivi ty compares exper imenta l  rates following incomplete  thermal  inact ivat ion in the presence of 
each cat ion to  the rate obtained in the absence of tha t  cation: ~. La3+; A K+; o, Ca2+; e,  Mg2+; s .  Mn 2+. 

Effect o f  cations on thermal inactivation 
Several divalent cations stabilize rat liver mitochondrial  transhydrogenase 

against thermal inactivation [12]. Thermostabili ty studies have shown that  
Mg 2÷ enhances transhydrogenase stability and that  the bovine heart  enzyme 
exists in three different  conformers:  the native enzyme,  the NADP÷-enzyme 
complex, and the NADPH-enzyme complex [14]. The effects of  several cations 
on the thermostabil i ty of bovine heart  transhydrogenase are portrayed in 
Fig. 9. Cation transhydrogenase inhibitors prevent thermal inactivation, with 
half-maximal protection afforded at about 1--2 mM Mg 2÷, 2 mM Ca 2+, 0.5 mM 
Mn 2+ and 25 lzM La 3÷. Maximal protection represents 70--85% of the activity 
of  untreated control particles. K ÷ was far less effective in providing protec- 
tion in the same concentrat ion range as the divalent cations, but  greater than 
95% protection was seen at 200 mM K ÷, with half-maximal protection at about 
20 mM. 

Effect o f  cations on proteolytic inactivation 
It is apparent that  cation interaction alters the conformation of rat liver 

submitochondrial  particle transhydrogenase, since 1 mM of Mg 2+, Ca 2+, Mn 2÷, 
Sr 2+, or Ba :+ promote  the tryptic inactivation of the enzyme [12]. In contrast  
to the rat liver enzyme, cations prevent trypsinolysis of  the bovine heart  
enzyme (Fig. 10). Optimal protection against trypsin is nearly complete with 
Mn 2+ (greater than 95%), whereas Ca 2+ (89%) and Mg 2+ (79%) are somewhat 
less effective. As was observed in the thermal and N-bs2 inactivation experi- 
ments above, the concentrat ion of divalent cations effecting half-maximal 
protection was in the range of 1--2 mM (Fig. 10). In the range 1--10 raM, K ÷ 
provided only minimal protection, but  half-maximal and total protection were 
seen at 20 mM and 200 mM K +, respectively. 

Effect of membrane energization on Mg2+-dependent properties 
Energy-linked transhydrogenation is inhibited to a much lesser degree by 

Mg 2+ than is the non-energy-linked reaction [11,13]. RydstrSm and coworkers 
[9,27] proposed that membrane energization converts transhydrogenase from 
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Fig .  I 0 .  E f f e c t  o f  d i v a l e n t  c a t i o n s  o n  t r y p t i c  i n a c t i v a t i o n  o f  t r a n s h y d r o g e n a s e .  S u b m i t o c h o n d r i a l  pa r t i -  
cles  ( 0 . 3 6  m g  p r o t e i n )  we re  p r e i n c u b a t e d  a t  2 2 ° C  f o r  2 m i n  in  t he  p r e s e n c e  o f  I I  # g  t r y p s i n  a n d  t h e  
i n d i c a t e d  c a t i o n  c o n c e n t r a t i o n ,  t he  i n a c t i v a t i o n  t e r m i n a t e d ,  a n d  t h e n  the  ps . r t ic les  a s s a y e d  al l  as d e s c r i b e d  
u n d e r  Ma te r i a l s  a n d  M e t h o d s .  P e r c e n t  c o n t r o l  ac t i v i t y  c o m p a r e s  e x p e r i m e n t a l  r a t e s  a f t e r  p a r t i a l  p r o t e o -  
l y t i c  i n a c t i v a t i o n  in  t h e  p r e s e n c e  o f  e a c h  c a t i o n  to  the  r a t e s  o b t a i n e d  in  t he  a b s e n c e  o f  t h a t  c a t i o n :  z~ 
La3+;  - ,  K+; o ,  Ca2+;  a ,  Mg2+; B, M n  2+. 

an 'inactive' to an 'active' conformation. The primary evidence presented for 
an energy-linked change in transhydrogenase conformation was alterations in 
substrate Michaelis constants, which for NADH increased from 9 #M to 12.6 
#M, and more impressively, for NADP ÷ decreased from 40 #M to 6.5 #M [27].  
A simple explanation for the lower effectiveness of Mg 2÷ inhibition could be 
provided if the 'energized' transhydrogenase conformation has a much lower 
affinity for Mg 2÷ than the 'non-energized' conformation. To test this, proteo- 
lytic and Nbs2 inactivation were used as probes to detect Mg 2÷ binding to trans- 
hydrogenase under non-energized and energized conditions. It was expected 
that if energization decreases the enzyme affinity for Mg 2+, then the magnitude 

T A B L E  III 

E F F E C T  O F  M E M B R A N E  E N E R G I Z A T I O N  O N  Mg 2+ P R O T E C T I O N  A G A I N S T  P R O T E O L Y S I S  O F  
T R A N S H Y D R O G E N A S E  

S u b m i t o c h o n d r i a l  pa r t i c l e s  ( 0 . 3 8  rng p r o t e i n )  w e r e  p r e i n c u b a t e d  f o r  1 r a in  a t  2 2 ° C  in  a m e d i u m  cons i s t -  
i ng  o f  2 0  m M  T r l s / a c e t a t e ,  p H  7 .5 ,  7 .5  m M  s u e c i n a t e ,  3 /Jg o l i g o m y c i n ,  3 0  #g  t r y p s i n ,  a n d  a lso  1 0 0  /~g 
t r y p s i n  i n h i b i t o r  a n d  5 m M  MgCI 2 w h e r e  i n d i c a t e d ,  t h e n  a s s a y e d  f o r  n o n - e n e r g y - l i n k e d  t r a n s h y d r o g c n a s e  
a c t i v i t y  as  d e s c r i b e d  u n d e r  Ma te r i a l s  a n d  M e t h o d s  e x c e p t  t h a t  0 . 2 2 / ~ g  a n t i m y c i n  A w a s  a d d e d  t o  t h e  a s s a y  
m i x t u r e  t o  p r e v e n t  s u c c i n a t e  o x i d a t i o n ,  p e r m i t t i n g  t h e  a s say  o f  t r a n s h y d r o g e n a s e  u n d e r  n o n - e n e r g i z e d  
c o n d i t i o n s .  F o r  n o n - e n e r g i z e d  p r e i n c u b a t i o n  c o n d i t i o n s ,  a n t i m y c i n  A w a s  p r e s e n t  in  t h e  p r e i n c u b a t i o n  
m i x t u r e .  

A d d i t i o n s  T r a n s h y d r o g e n a s e  r a t e  % c o n t r o l  
( n m o l  A e P y A D H / m i n  p e r  m g  p r o t e i n )  

N o n - e n e r g i z e d  p a r t i c l e s  
T r y p s i n  + t r y p s i n  i n h i b i t o r  2 5 2  1 0 0  
T r y p s i n  5 5  2 2  
T r y p s i n  + MgCI 2 1 6 3  6 4  

E n e r g i z e d  pa r t i c l e s  
T r y p s i n  + t r y p s i n  i n h i b i t o r  2 5 2  I 0 0  
T r y p s i n  6 9  2 7  
T r y p s i n  + MgCI 2 1 6 0  6 3  
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T A B L E  IV 

E F F E C T  O F  M E M B R A N E  E N E R G I Z A T I O N  O N  Mg 2+ E N H A N C E M E N T  O F  Nbs  2 I N A C T I V A T I O N  O F  
T R A N S H Y D R O G E N A S E  

S u b m i t o c h o n d r i a l  pa r t i c l e s  ( 0 . 3 8  m g  p r o t e i n )  we re  p r e i n c u b a t e d  f o r  1 r a in  a t  2 2 ° C  in  a m e d i u m  cons i s t -  
ing  o f  2 0  m M  T r i s / a c e t a t e ,  p H  7 .5 ,  7 .5  m M  s u c c i n a t e ,  3 # g  o l i g o m y c i n ,  2 0  #M N b s 2 ,  a n d  2 m M  MgCI 2 
where indicated,  then a s s a y e d  f o r  n o n - e n e r g y - l i n k e d  t r a n s h y d r o g e n a s e  a c t i v i t y  as  d e s c r i b e d  in  Tab le  III. 

A d d i t i o n s  T r a n s h y d r o g e n a s e  r a t e  % c o n t r o l  
( n m o l  A c P y A D H / m i n  p e r  m g  p r o t e i n )  

N o n - e n e r g i z e d  pa r t i c l e s  
N o n e  2 4 4  1 0 0  
Nbs2  1 2 7  52  
MgCI 2 2 4 7  1 0 0  
Nbs  2 + MgCI 2 8 0  3 2  

E n e r g i z e d  p a r t i c l e s  
N o n e  2 3 6  1 0 0  
Nbs2  1 1 5  4 9  
MgCI 2 2 3 5  1 0 0  
N-bs2 + MgCI2 8 0  3 4  

of the effects of  the cation on proteolysis and Nbs2 inactivation would be 
similarly decreased. Table III shows that tryptic inactivation of  submitochon- 
drial transhydrogenase is inhibited to a similar extent  by Mg 2+ in non-respiring 
submitochondrial  particles and those oxidizing succinate. Furthermore,  in 
Table IV it is shown that concomitant  respiration has little affect on Mg 2÷ 
enhancement  of  Nbs2 inactivation. 

Discussion 

It is apparent from the data presented that Mg 2+ inhibits transhydrogenase 
by binding in the NADP domain of  the active site in a manner competitive with 
the substrate. No evidence was found for inhibitory Mg 2+ binding at the NAD 
domain or elsewhere on the enzyme. Energization of  transhydrogenase by 
respiration apparently does not  alter the affinity of  the enzyme for Mg 2÷ as 
measured by the effect  of  the ion on inactivation by proteolysis and Nbs2. 
Hence, this is an unlikely explanation for the lower susceptibility of  energy- 
linked transhydrogenation to inhibition by Mg 2+ [11,13].  An alternative 
explanation is provided by  the work of  RydstrSm and coworkers [9,27],  who 
demonstrated that  the affinity of  transhydrogenase for NADP ÷ is increased by 
nearly 6-fold on energization. This would necessarily decrease the effectiveness 
of  Mg 2+ as a competit ive inhibitor. 

Several cations other  than Mg 2+ were bovine heart  transhydrogenase 
inhibitors. The order of  inhibitory effectiveness was La3+> Mn2+> Ca 2+~ 
Mg 2+ > Sr 2+ > Na ÷ ~ K ÷. Although a detailed kinetic analysis on cations other  
than Mg 2÷ and Ca ~+ has not  been performed,  the results suggest a common 
inhibitory mechanism for all cations. For instance, each cation was more 
effective with increasing pH in the range of  5.5--9.0. Whereas divalent cations 
slightly stimulated transhydrogenation at low pH, monovalent  cations at 300 
mM were inhibitory at all pH values, possibly because of  nonspecific ion 
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effects. The Ki for Mg 2÷ is about 2.5 mM. Significantly, the Mg 2+ concentra- 
tions giving half-maximal stimulation of Nbs2 inactivation, protection against 
thermal inactivation, and protection against tryptic inactivation were about 
0.6 mM, 1.5 mM, and 2 mM, respectively. This suggests that Mg 2+ binding in 
the active site alters the transhydrogenase to a more thermostable conforma- 
tion having one or more arginyl or lysyl residues less susceptable to cleavage 
by trypsin, and a sulfhydryl group that is more accessible to Nbs2 than the 
native conformation. This notion is complemented by the obser~'ation that the 
other cation inhibitors also mimic Mg 2÷ in these properties, giving the same 
general trend of effectiveness as in inhibition, i.e. trivalent > alkaline earth > 
monovalent cations. This order for the strength of cation binding to trans- 
hydrogenase, also observed in several other proteins including bovine serum 
albumin, lysozyme, myoglobin, and ovalbumin [28], is described by the Irving- 
Williams order for the stability of metal-ligand complexes [29]. The adherence 
of transhydrogenase inhibition to the Irving-Williams order suggests that 
carboxylates or amines may comprise the inhibitory cation binding site. 

The role of mitochondrial pyridine dinucleotide transhydrogenase in heart 
muscle metabolism is unclear [30]. However, certain aspects of the interaction 
between heart mitochondria and cations are being elucidated. Heart mitochon- 
dria actively accumulate both Mg 2÷ and Ca ~+ in an energy-dependent and 
apparently competitive manner [33]. The matrix enzymes pyruvate dehydroge- 
nase phosphatase [31] and isocitrate dehydrogenase (NAD) [32] are known to 
be regulated, in part, by Ca 2+. Furthermore, Meli and Bygrave showed that 
pyruvate kinase activity can be regulated in vitro through mitochondrial con- 
trol of calcium influx and efflux [34]. Since cations have now been shown to 
be competitive inhibitors of NADP binding to transhydrogenase, it is proposed 
that the activity of transhydrogenase, and by extension its physiological role, 
may be regulated in vivo by cyclic changes in cation activity within heart 
muscle mitochondria. 
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