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Summary 

The ethanol-extracted respiratory chain-linked NADH dehydrogenase of 
A c h o l e p l a s m a  laidlawii has been purified 25--35-fold. This purification in- 
volved delipidation of  the ethanol-extracted minute non-sedimentable mem- 
brane fragments by detergent t reatment  and gel filtration on Bio-Gel P-200. 
Sodium deoxycholate-sucrose density gradient centrifugation was followed by 
dialysis of the active NADH dehydrogenase fractions which caused flocculation 
of 60% of the membrane proteins while the NADH dehydrogenase remained sus- 
pended. Poylacrylamide gel electrophoresis of the purified NADH dehydrogen- 
ase gave one major and two minor bands after staining with Coomassie Blue. 
The purified enzyme gave straight line kinetics in Lineweaver-Burk plots and 
a Km = 0.510 mM and V = 0.236 pmol/min. Fat ty  acid supplementation of 
A.  laidlawii membranes had negligible effect on the membrane-bound or 
ethanol-extracted dehydrogenase, but substantiated the values of the K m and 
V. Purification, however, altered the constants by 2--4-fold, suggesting that  
alteration of the microenvironment or fragmentation of the dehydrogenase 
was significant. The purified dehydrogenase was very susceptible to a rapid 
inhibition with heavy metal ions. Mg 2+ and Ca 2+ inhibited the enzyme but 
this inhibition was much slower (90 min) and less complete. Consideration of 
published purification procedures of NADH dehydrogenase strongly suggested 
that  the purified A.  laidlawii respiratory chain-linked NADH dehydrogenase 
was over 90% pure and certainly one of the most purified respiratory chain- 
linked bacterial NADH dehydrogenases. 

Introduct ion 

Membranes of the wall-less bacterium Acho lep la sma  laidlawii contain no 
cytochromes or quinones [1]. The truncated respiratory chain of these mem- 
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branes is therefore apparently flavin terminated [2]. The reduced NADH oxi- 
dase of  these membranes possesses two sites of  reduction of  ferricyanide, sug- 
gesting the presence of  at least two enzymes in the oxidase [3]. Extraction of  
the NADH dehydrogenase from membranes with 9.0% ethanol gives a dehy- 
drogenase which no longer reacts with 02 and possesses altered and linear ki- 
netics (i.e. one site of ferricyanide reduction) with ferricyanide as electron ac- 
ceptor. This NADH dehydrogenase reacts optimally with ferricyanide, efficient- 
ly with menadione and C~ Ind but  only very slowly with 05, cytochrome C and 
ubiquinone Ql0. Dehydrogenase inactivated during purification attempts is not  
reactivated with FMN, FAD, membrane lipids or Mg 2÷. It is inhibited by NADH 
when bound to the membrane but  stimulated by NADH when extracted with 
9.0% ethanol. The ethanol-extracted gel-filtered dehydrogenase contains about  
six proteins or peptides, about  30% glycolipid but  no iron, which may reflect 
the uncoupled nature of  the oxidase or Site I of the respiratory chain shown 
by studies of  oxygen consumption of  membranes. 

In this study, we describe the purification of  the ethanol-extracted dehydro- 
genase to one major band and two minor bands on polyacrylamide gels, by so- 
dium deoxycholate-sucrose density gradient centrifugation and dialysis of the 
active gradient fractions. The specific activity is increased 25--35-fold by our 
purification scheme. 

Materials and Methods 

Preparation o f  membranes 
A. laidlawii cells (ATCC No. 14192) were routinely grown on 2% tryptose 

media at 37°C, and harvested by centrifugation at 10 000 × g  at 4°C [3]. The 
cells were then washed three times in buffer ~ (0.05 M Tris • HC1 plus 0.01 M 
mercaptoethanol  and saline). Washed cells were disrupted by sonic oscillation 
for 3 min (Bronwill ultrasonic disintegrator at maximum power). Membranes 
were isolated by centrifugation at 100 000 × g (Model L2-65B Beckman ultra- 
centrifuge) for 60 min at 4°C of the disrupted cellular milieu. After washing, 
the membranes were suspended in 2.5 mM Tris • HC1 buffer, pH 7.5 (3.6 mg 
protein/ml) and stored no more than 4 weeks at --20°C. Fat ty  acid-supple- 
mented membranes were prepared by the method of  McElhaney and Tourtel- 
lotte [4]. 

Purification o f  NADH dehydrogenase 
Ethanol extraction o f  membrane. Approx. 40 ml of  membrane suspension 

were extracted with 3.6 ml of  ethanol. The membrane suspension was incu- 
bated at 43°C for 30 min, then centrifuged at 100 000 X g for sedimentation of  
the large fragments of  membrane.  The minute non-sedimentable fragments of 
membrane thus extracted were assayed for enzyme activity and protein con- 
tent. The 9.0% ethanol extract contained about  51% of the protein and about  
96.3% of  the activity. The use of  ethanol at this step was determined by the op- 
timal ratio of  AA 34o nm (oxidase)/AA420 nm (dehydrogenase) and the polyacryl- 
amide gel patterns from this extraction which gave the least number  of protein 
or peptide bands (Fig. 1). 

Agarose gel filtration o f  the extracted enzyme. Between 35 and 40 ml of 
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Fig. I. Polyacrylamide gel electrophoresis of membrane and membrane extracts. 100--300 #g of protein 

were layered on the gel while suspended in the milieu of extraction. These acetic acid gels (phenol/acetic 

acid/urea system) were developed for 90 rain at 5 mA/tube and then stained with 1% Coomassie Blue. 

SDS, sodium dodecyl sulfate; SDOC, sodium deoxycholate 
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Fig. 2. Gel filtration and density gradient elution patterns of NADH dehydrogenase during purification. 

(A) Gel filtration on Bio-Gel A-50m of the 9.0% ethanol extract. The A280nm-absorbing material 

(e--------e), the NADH dehydrogenase activity, AA420n m (a A) and the NADH dehydrogenase 

specific activity of the fraction (o o) determined and plotted for localization of the most puri- 

fied enzyme fraction. (B) Gel filtration on Bio-Gel P-200 of the highest specific activity fractions for 

A-50m column. The A280nm-absorbing material (e e) and the NADH dehydrogenase activity, 
A A 4 2 0 n m  , ( a  A) d e t e r m i n e d  and  p lo t t ed  for  loca l iza t ion  of  the  f rac t ions  wi th  the  m o s t  act ive 
e n z y m e  for  s epa ra t ion  f r o m  the lipid peak  which  is e lu ted  in a d i f f e r en t  zone .  (C) sod ium d e o x y c h o l a t e -  
sucrose dens i ty  g rad ien t  of  the  de l ip ida ted  m o s t  act ive f rac t ions  f r o m  the  P-200 co lumns .  The  A 2 8 0 n  m-  
adsorb ing  ma te r i a l  ('~ e)  and the N A D H  d e h y d r o g e n a s e  ac t iv i ty ,  A A 4 2 0 n  m (A 4) were  plot-  
ted to loca te  the  act ive  e n z y m e .  
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ethanol-extracted enzyme at about  2.0 mg protein/ml were layered on a Bio- 
Gel A-50m column (3.0 X 44 cm with a bed volume of 185 ml of the Agarose 
gel). Fractions of 60 drops (2.2 ml) were collected with a Buchler Fractomette  
at a rate of about 0.5 ml/min. The A~80 nm absorption of  the fractions was con- 
tinually monitored (LKB Autoanalyzer) and recorded on a Sargent Welch 
Model SRG recorder. About  12% of the protein from the original membrane 
was recovered in this manner while, 57.5% of the activity remained in the ac- 
tive fractions. It is evident from the elution profile of the Agarose A-50m (Fig. 
2A) that  the enzyme with the highest specific activity was eluted in the void 
volume, an indication that  the enzyme is still in the form of minute non-sedi- 
mentable membrane fragments. Properties of this enzyme preparation have 
been described in detail elsewhere [3]. 

Bio-Gel P-200 filtration. This column was primarily used to delipidate the 
minute non-sedimentable membrane fragments eluted from the agarose column 
[5]. This was done by treatment  of the fragments with high concentrations of  
sodium deoxycholate (16 mg/3.6 mg protein) followed by gel filtration on P- 
200. 

A column 3.0 × 40 cm was packed with a bed volume of 210 ml of Bio-Gel 
P-200 (reconstituted with 16 mg/ml sodium deoxycholate in 2.5 mM Tris • 
HC1, pH 7.5). The eluant for this column was 16 mg/ml sodium deoxycholate.  
The column was prepared for ascending flow to increase flow rate. About  30 
ml of the most active fractions from the agarose A-50m column were applied 
to the column and eluted at about 2.0 ml/h. The fractions collected were 60 
drops (2.2 ml). Analysis of the samples showed that  12% of the protein and 
20% of the activity was found in the pooled active fractions. These assays were 
made more difficult by the presence of sodium deoxycholate and the necessity 
to use only small samples for each assay. The elution profile of this column is 
shown in Fig. 2B. 

Sodium deoxycholate-sucrose density gradient centrifugation. Sodium de- 
oxycholate (16 mg/ml)-sucrose density gradients were prepared in a Buchler 
gradient mixer with the range of 13--50%. Cellulose nitrate tubes which con- 
tain 40.0 ml and fit into the large buckets of the SW-27 rotor (Beckman Instru- 
ments, Palo Alto, Calif.) were filled with 28 ml of the gradient and 12.0 ml of 
the active pooled fractions from the P-200 gel, then layered on the gradient. 
The gradients were then centrifuged 16 h at 4°C at 95 000 × g. After coasting 
to a stop, the gradients were then fractionated by puncturing the tube and col- 
lecting drops. The fractions which contained 60 drops/tube (1.7 ml) were then 
assayed for A~80nm-adsorbing material and dehydrogenase activity (Fig. 2C). 
The three or four active fractions were then pooled from two gradients and di- 
alyzed against 2.5 mM Tris • HC1, pH 7.5, overnight at 4°C. A cloudy floccula- 
tion containing about 60% of the protein of the dialyzate, was removed by cen- 
trifugation at 100 000 × g for 60 min at 4°C. The sediment and supernatant 
were analyzed for Folin-positive protein and dehydrogenase activity. 

Enzyme assay 
Because of its superior sensitivity for this enzyme, the ferricyanide reductase 

assay was used [3]. Substrate concentrations between 0.144 and 0.586 mM 
NADH and electron acceptor concentrations between 0.2 and 1.6 mM KsFe- 
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(CN)6 were incubated at 37°C and followed at A4:0 n m .  The incubation mixture 
was composed of  NADH dehydrogenase (0.04--1.15 mg protein), NADH and 
K3Fe(CN)6 in 0.05 M phosphate buffer (pH 6.0). The reaction was followed 
with a Zeiss M4-QIII spectrophotometer with attached recorder (Omnigraphic 
3000 Houston Instruments) and held at constant temperature with a Forma 
circulating constant temperature bath. The reaction was recorded over the first 30 
s and if linear was directly related to the pmol of ferricyanide reduced. A unit  
of NADH dehydrogenase was described as the pmol of NADH oxidized/min per 
mg protein. 

Polyacrylamide gel electrophoresis 
Both the phenol-acetic acid-urea [6] and the sodium dodecyl sulfate [7] 

methods of polyacrylamide gel electrophoresis were used in this study. Tubes 
15 X 0.6 cm were used instead of the usual 7.6 X 0.6 cm tubes to allow better 
resolution of the protein or peptide bands. A stacking gel was incorporated into 
the sodium dodecyl sulfate gel column for improved resolution of the bands. 
Among the several dyes tried Coomassie Blue [8] gave the most sensitive re- 
sults. 70--90 pg of the sample protein were routinely applied to the gels. 

Determination o f  the kinetic constants 
Lineweaver-Burk of the dehydrogenase involved at least three determina- 

tions of each data point. In these plots, the inverse ferricyanide concentration 
was plotted against the inverse NADH equivalent of the AA4:0nm. The plots 
were run at 0.144, 0.288 and 0.576 mM NADH and from 0.2 to 1.6 mM 
K3Fe(CN)6. The data points were statistically analyzed according to the least 
squares method [9]. The standard error of the data points was well within 
those recognized for significant results (5--15%). The Km and V were calcu- 
lated from the intercept values of these plots. Kinetic determinations of the 
Km and V for membrane-bound and ethanol-extracted enzyme were calculated 

T A B L E  I 

P U R I F I C A T I O N  OF T H E  N A D H  D E H Y D R O G E N A S E  FROM M E M B R A N E S  OF A.  L A I D L A W I I  

Pur i f ica t ion  step V o l u m e  To ta l  To ta l  Specific R e c o v e r y  Purifica- 
(ml)  p ro te in  act iv i ty  ac t iv i ty  (%) t ion fac to r  

(mg)  ( t tmol /  ( p m o l /  
rain)  rain pe r  

m g  pro-  
tein)  

M e m b r a n e  44 .2  163 .5  177 .59  1 .085  100 0 
9.0% e thanol ic  ex t r ac t  44 .0  83.6 170 .96  2 .095  96.3  1 .93  
Agaxose gel-f i l t ra t ion (A-5Om) 36.5 20.1 102.11 5 .065  57.5  4.67 
Bio-Gel P-200 f i l t ra t ion 27 .4  5.67 35 .64  6 .085  20.1 5,61 
S o d i u m  deoxycbo la t e - suc rose  dens i ty  

grad ien t  cen t r i fuga t ion  9 .53  2.39 31 .92  8 .400  18.0 7 .75  
Dia lyzed dens i ty  grad ien t  f rac t ions  12.4 2.11 29 .15  16 .100  16.4 14.9 
S u p e r n a t a n t  of  d ia lyzed  dens i ty  grad ien t  

f rac t ions  12.2 0 .85  23.97 23 .200  13.5  21.4 
Range 
(21 .4 - -  
24.8)  
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by computer  (Computer  Center, State University of  New York at Buffalo) 
using a FORTRAN program which fitted the data to a best-fit hyperbola with 
the equation v = V • [S]/Km + IS]. Data points were determined using NADH 
concentrations of  0.282--2.5 X Km and electron acceptor concentration at 0.2-- 
1.6 mM and five intermediate concentrations. The Km and V for fat ty acid-sup- 
plemented membranes and ethanol-extracted and purified dehydrogenase were 
then calculated using this program. 

Metal ion inhibition tests 
These tests utilized purified NADH dehydrogenase with the addition of  20 

mM metal ions in the described dehydrogenase assay. These included Co 2÷ 
{COC12), Cu ÷ (Cu2SO4), Cu ~÷ (CuSO4), Fe z÷ (FeC12), Fe 3÷ (FeC13), Mn 2÷ 
(MnC12), Zn 2. (ZnC12), Mg 2. (MgCl2) and Ca 2÷ (CaC12). These salts were either 
added to the assay directly, or incubated or dialyzed with the purified NADH 
dehydrogenase, with or without  other additives. Reconsti tut ion of the puri- 
fied dehydrogenase with sodium deoxycholate ,  lipid and Mg 2÷ or Ca 2÷ was at- 
tempted  by several reconstitutive methods [10].  

Chemicals 
FAD, FMN and NADH were obtained from Sigma Chemical Co. Bio-Gel 

A-50m and Bio-Gel P-200 were obtained from Bio-Rad Laboratories. The sodi- 
um deoxychola te  used in the early part of these studies was obtained from 
Mann Research Laboratories and was an enzyme grade specified as heavy met- 
als less than 2 ppm and bile pigments practically nil. Later, because this prod- 
uct could not  be obtained, we used sodium deoxycholate  recrystallized from 
50% ethanol in the presence of ethylenediamine tetraacetic acid (EDTA). 

Results 

Purification of  NADH dehydrogenase 
The effects of purification on the dehydrogenase are quanti tated and sum- 

marized in Table I. Since specific activity curves of  the various isolation pro- 
cedures were single peaked, (Fig. 2) the results of  these purification stelSs in- 
dicated that only one NADH dehydrogenase is found in the membranes of  A. 
laidlawii. Because this NADH dehydrogenase is firmly bound to the membrane 
(as evidence by the requirement for release of high concentrations of  sodium 
deoxycholate) ,  it is usually characterized as an integral membrane protein. 

The most  no tewor thy  step in this purification scheme was the sodium deoxy- 
cholate-sucrose density gradient step, characterized by flocculation of  proteins 
upon dialysis of  the density gradient fractions. Although the NADH dehydro- 
genase did not  flocculate more than 50% of the contaminating membrane pro- 
teins were removed by sedimentation of the flocculate. The dehydrogenase was 
purified 6-fold by density gradient centrifugation and dialysis wi thout  signifi- 
cant  loss of  yield. Preliminary experiments suggested that the precipitate inhib- 
its the suspended dehydrogenase. The NADH dehydrogenase which remained 
suspended during dialysis and clarification was probably no longer a minute 
non-sedimentable membrane fragment. This purification scheme required six 
steps to obtain a purification factor of  about  25 and a yield of  about  13%. 
Upon occasion, a second sodium deoxycholate-sucrose density gradient of  the 
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T A B L E  II 

P U R I F I C A T I O N  OF T H E  N A D H  D E H Y D R O G E N A S E  WITH A SECOND D E N S I T Y  G R A D I E N T  

Pur i f ica t ion step Pro te in  Act iv i ty  Specific Recove ry  Pur i f ica t ion  
( m g / m l )  (un i t s /ml )  act iv i ty  (%) fac to r  

(pmol /  
rain per  
m g  pro-  
tein)  

First  s o d i u m  d e o x y c h o l a t e -  
sucrose  density grad ien t  cen- 
t r i fuga t ion  0 . 315  3.34 8.40 100 7 .75  

Second  sod ium d e o x y c h o l a t e -  
sucrose  dens i ty  grad ien t  cen- 
t r i fuga t ion  0 ,073  0 .84  11 .05  25.2 10 .15  

Dia lyzed dens i ty  g rad ien t  cen- 
t r i fuga t ion  f rac t ions  0 .033  1,25 38 .50  37.4  35.5 

Cent r i fuged  d ia lyza te  * 0 .073  0 .315  4 .30  9.43 4.0 

* Add i t i on  of  FMN, FAD,  or  Mg 2+ did no t  res tore  ac t iv i ty .  

active fractions from the first gradient yielded an enzyme which, after dial- 
ysis was purified thirtyfive-fold (Table II). A drawback of this second gra- 
dient was that only a 40% recovery of  the first density gradient or only 
about  5.0% of the membrane-bound activity was recovered. Reactivation of  
the sediment after dialysis and clarification of  the fractions from this gradient 
was not  successful by addition of Mg 2÷, FMN, FAD or membrane lipids. 

Polyacrylamide gel electrophoresis 
A comparison of  the polyacrylamide electrophoresis gel patterns after var- 

ious steps o f  the purification scheme (Fig. 3) shows a dramatic loss of  protein 
or peptide bands from the membrane-bound enzyme to the purified NADH de- 
hydrogenase. The membrane contained 20--30 bands, the A-50m gel filtered 
10--15 bands, six major bands, the P-200 gel-filtered ethanol extract six bands, 
and the density gradient centrifuged one major and two minor bands. Similar 
results were obtained with both the sodium dodecyl  sulfate procedure and the 
phenol-acetic acid-urea method of polyacrylamide gel electrophoresis. Another  
indication of increased purity by these gels is the gradual loss of  a residual band 
of non-penetrating proteins on top  of the gel. 

Enzyme kinetics 
Lineweaver-Burk plots of this NADH dehydrogenase (1/ferricyande concen- 

tration vs. 1/NAD formed per min) gave straight line functions between ferri- 
cyanide concentrations 0.2--1.6 mM (Fig. 4). These plots represent the average 
value of the data point  after 3--6 determinations. The line was determined 
from 42 determinations and the slope of the line calculated by the least squares 
method.  A similar function has been shown for the 9.0% ethanol-extracted en- 
zyme. The slope of this curve, is more gradual than slopes of  curves determined 
similarly for the ethanol-extracted and membrane-bound enzymes (the inter- 
cepts also vary). These changes in the slope and intercepts during purification 
are also shown by the gradual increase of  the V and decrease of  the Km. These 
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Fig. 3. P o l y a c r y l a m i d e  gel e lec t rophores i s  of  the  N A D H  d e h y d r o g e n a s e  a f te r  v a r i o u s  s t a g e s  o f  p u r i f i c a -  
t i o n .  T h e  p h o t o g r a p h s  o f  t h e  gels are s h o w n  in  t h e  t o p  r o w  a n d  t h e  d i a g r a m m a t i c  r e p r e s e n t a t i o n  in  the  

b o t t o m  row.  These  s o d i u m  d o d e c y l  sulfate gels were  deve loped  for  6 h a t  5 m A ] t u b e  a n d  s t a i n e d  w i t h  

1% Coomass ie  Blue. Line A, m e m b r a n e ;  B, agarose  A - 5 0 m  gel f i l tered;  C, P-200 gel f i l tered N A D H  de- 
h y d r o g e n a s e  and D, t h e  d e n s i t y  grad ien t -cen t r i fuged  N A D H  d e h y d r o g e n a s e .  

Fig. 4. The  Lineweaver -Buxk p lo t  of  the  pur i f ied  N A D H  d e h y d r o g e n a s e .  The  f u n c t i o n  w a s  d e t e r m i n e d  at  
0 . 2 8 8  mM N A D H  a n d  at  v a r y i n g  mM F e ( C N ) 6 3 -  concen t r a t ions .  The  1IV legend rep resen t s  the  inverse 
of  the # tool  N A D H  oxid ized  pe r  min .  The  s t ra ight  line was d e t e r m i n e d  b y  l eas t  s q u a r e s  m e t h o d .  

kinetic constants indicate that the enzyme becomes less controlled as the lipids 
and other membrane proteins are removed from the enzyme preparation. This 
conclusion is reinforced by preliminary data showing that the flocculated pro- 
teins of  the dialysis step inhibit the supernatant. Purification of  the dehydro- 
genase also increased the rate of  reaction of  the enzyme. 

Additional evidence of  the less controlled state of  the purified enzyme was 
obtained by NADH inhibition studies {Fig. 5). These studies on the membrane- 
bound and ethanol-extracted dehydrogenase have shown correspondingly in- 
hibition and stimulation of  these enzyme forms with NADH. Our data suggests 
that between 0.144 and 0.288 mM NADH, about 25% inhibition occurs with 
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d e t e r m i n e d  by  the least  squares  m e t h o d .  

membrane-bound and 12.1% stimulation occurs with ethanol-extracted de- 
hydrogenase. NADH inhibited the purified enzyme between 0.144 and 0.288 
mM NADH by only 10% and no increase in inhibition was observed at 0.576 
mM NADH. The purified enzyme is therefore refractile to NADH at concentra- 
tions above 0.288 mM, and much less inhibited than the membrane-bound en- 
zyme. (These data points showed a much greater standard deviation and the 
curves were determined by least squares). This loss of  control when compared 
to the membrane-bound or ethanol-extracted enzyme, is evidence of a more 
nearly purified dehydrogenase. 

Effects of fatty acid supplementation 
The fatty acid content of  A. laidlawii was altered by supplementation of  

various fatty acid-poor media (Table III). These experiments show agreement 

TABLE III 

KINETIC CONSTANTS OF THE MEMBRANE-BOUND, ETHANOL-EXTRACTED AND PURIFIED 
NADH DEHYDROGENASE OF A. LAIDLAWII 

E n z y m e  preparat ion Fa t ty  acid K m Error V Error 
s u p p l e m e n t  (mM)  (%) ( p m o l /  (%) 

m i n )  

M e m b r a n e - b o u n d  N A D H  
d e h y d r o g e n a s e  

Ethano l - ex t rac t ed  N A D H  
d e h y d r o g e n a s e  

2 .05  29 .0  0 . 0 5 9  19 .9  
C 12 lauric 1.39  22 .1  0 . 0 5 9  1 3 . 2  
C14 m y r i s t i c  1 .20  23 .1  0 . 0 6 9  12 .4  
C l 6  p a l m i t i c  0 . 8 0 0  26 .8  0 . 0 4 8  12 .7  
C 18 s tear ic  1 . 2 3 3  14 .2  0 . 0 7 3  7 .6  
C18 oleic  1 . 0 6 5  20 .2  0 . 0 4 8  10 .1  

0 .91  10 .4  0 . 0 5 8  4 .8  
C 12 l au r i c  1 .06  22 .6  0 . 0 4 3  11 .3  
C14 m y r i s t i c  0 . 9 8  17 .9  0 . 0 7 2  8 .8  
C l 6  p a l m i t i c  1 .36  12 .0  0 . 0 6 6  6 .7  
C l 8  s tear ic  2 .45  20 .7  0 . 0 8 1  14 .6  
C l 8  oleic  1 .28  10 .2  0 . 0 5 8  5 .5  

Purified N A D H  d e h y d r o g e n a s e  0 . 5 1 0  11 .2  0 . 2 3 6  3.9 
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I N H I B I T I O N  O F  T H E  P U R I F I E D  N A D H  D E H Y D R O G E N A S E  WITH M E T A L  IONS 

39 

Addi t i ons  S t i m u l a t i o n  N o  r e a c t i o n  I n h i b i t i o n  

N o n e  (d ia lys is )  

Co 2+, Cu  +, Cu  2+, F e  2+, Fe  3+, Mn 2+, o r  Z n  2+ - -  

Mg 2+, o r  Ca 2+ 

Mg 2+ or  Ca 2+ 

( i n c u b a t i o n  a t  3 7 ° C )  +0  rain 

Mg 2+ or  Ca 2+ (dia lys is)  

S o d i u m  d e o x y c h o l a t e  + l ip id  + Mg 2+ 

S o d i u m  d e o x y c h o l a t e  + l ip id  + Mg 2+ 
( i n c u b a t i o n  a t  60 ,  20 ,  4 ° C )  * 

÷ 

- -  + 

+ 

-- +90 min 

- -  + 

+ 

* The  s low a n n e a l i n g  m e t h o d  has  b e e n  very  f r u i t f u l  w i t h  these  m e m b r a n e s  [ 1 0 ] .  

of Km and V values for membranes and ethanol-extracted dehydrogenase in- 
dependent  of  fat ty acid supplements. (The significance of  the 5--10% vari- 
ations between bound and ethanol-extracted dehydrogenase is debatable). No 
order of relationship seemed to exist between the fat ty acid chain length and 
the values of the constants. By contrast, the dramatic changes in these con- 
stants after various stages of purification, indicate that  the enzyme properties 
are more closely related to the stage of purification than to fat ty acid content  
of the preparation. The percent error of these computer  programs is considered 
very good if the Km falls within 15% error and the V within 10% error; many of 
our values are within these limits. Also, the general decrease of the percent er- 
ror with increasing purity indicates a more homogeneous system and therefore 
lower percentage error of the Km and V in the more purified preparation. These 
experiments show that  the fat ty acid content  of the enzyme preparation has 
little effect on the function of the NADH dehydrogenase. 

Inhibition with metals 
Metals are very inhibitory to this NADH dehydrogenase (Table IV). Inclu- 

sion of Co 2+, Cu ÷, Cu 2÷, Fe 2÷, Fe 3÷, Mn ~÷ or Zn 2÷ in the incubation mixture inhib- 
ited the reaction. Mg 2÷ and Ca 2÷ also caused inhibition of this enzyme, but re- 
quired incubation for up to 90 min for 56% inhibition. This delayed type of in- 
hibition also could be shown by dialysis against these metals. Dialysis without  
metals, however, did not  cause inactivation of the enzyme. This slow inactiva- 
tion was not  inhibited by the presence of sodium deoxycholate and lipids. Re- 
consti tution experiments were not fruitful because no liposomes containing ac- 
tive NADH dehydrogenase could be prepared in the presence of metals. These 
data suggested two types of metal inhibition: a rapid inactivation by the first 
group of metals and a slow inactivation by Mg 2÷ and Ca 2÷. 

Discussion 

The NADH oxidase of A. laidlawii has been isolated as a minute non-sedi- 
mentable membrane fragment [3]. Here we report the isolation of the primary 
respiratory chain-linked NADH dehydrogenase from that  oxidase. In general, 
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bacterial respiratory chain-linked NADH dehydrogenases have been difficult to 
isolate and have only been  purified 2--10-fold [11--13].  This dehydrogenase 
demonstrated a purification factor of  25--35-fold. Although purifications of 
bacterial NADH dehydrogenases have usually relied upon gel filtration patterns 
as indications of homogeneity,  this purification and at least one other from 
Peptostreptococcus elsdenii [11] have been closely monitored by polyacryl- 
amide gel electrophoresis. Both of these NADH dehydrogenases represent 
about  a 20--30-fold purification [11] from membrane and demonstrate only 
one major band in polyacrylamide gel patterns. These results suggest that puri- 
fication factors of  20--30-fold of bacterial NADH dehydrogenases represent 
90% purification of these enzymes. This generalization is also applicable to 
mitochondrial respiratory chain-linked NADH dehydrogenases, which are called 
homogeneous protein preparations at purifications of 30--60-fold [14--17].  The 
NADH dehydrogenase from A. laidlawii definitely possesses a purification fac- 
tor similar to the most  purified respiratory chain-linked NADH dehydrogenases 
which have been isolated. The yield of  purified dehydrogenase was also within 
the range obtained with similar schemes, approx. 10--30%. The specific activ- 
ities of this dehydrogenase and of  other bacterial dehydrogenases wereusual ly  
40--50-fold less than those of mitochondrial enzymes. Purified preparations 
gave specific activities of  20--40 while mitochondrial dehydrogenase specific 
activities were 1000--1600.  Variations in apparent Km and V verified these dif- 
ferences [11--17].  

Release of the dehydrogenase after t reatment  with sodium deoxychola te  and 
gel filtration in the presence of sodium deoxycholate  eluant resulted in a heavy 
loss in yield, probably due to the removal of  lipids from the microenvironment 
of  the dehydrogenase. The increase in specific activity which accompanies the 
loss of activity here may be due to the non-specific activation usually observed 
with release of  an enzyme from the membrane matrix [18].  

The linearity of the Lineweaver-Burk plots of the purified dehydrogenase 
substantiated the homogeneity of  the dehydrogenase and the conditions of  as- 
say. The Km and V from a typical plot  prepared by least squares agreed closely 
with the constants computed  with our FORTRA N program. The agreement of 
the several data points and the relation of  these points to the line were also en- 
couraging. Significant alterations of  Km and V values were, however, observed 
as the enzyme was purified. On the other hand, the fat ty acid content  of  the 
membrane-bound ethanol-extracted dehydrogenase had little effect  on the Km 
and V values of that stage of  purity. We interpret this as a lack of fat ty acid 
composit ion effect  on the NADH dehydrogenase of this membrane. Other re- 
searchers obtained similar results with the NADH oxidase from this membrane 
using Arrhenius plots [19].  It is possible that  the alterations of  the kinetic con- 
stants as the enzyme is purified represent not  only molecular fragmentation of  
the dehydrogenase [20],  but  also alterations in the microenvironment of the 
enzyme. The lack of effect of  fat ty acids on this oxidase are unusual; discon- 
tinuities in the Arrhenius plots of NADH oxidase from several yeast  mitochon- 
dria [21,22] and Escherichia coli [23] have been reported. This may be a re- 
sult of  the simplicity of  the NADH oxidase from A. laidlawii membranes. It 
may also reflect the independence of  the NADH dehydrogenase from mem- 
brane lipids. 



41 

The inhibitory effect of various metals on this NADH dehydrogenase could 
be divided into two categories: a rapid, nearly complete and slower, incomplete 
(56%) inhibition. The rapid inhibition was observed immediately after intro- 
duction of  the heavy metal ions to the assay mixture. Inhibition studies of the 
NADH oxidase of E. coli [24] show that Zn 2+ inhibits NADH oxidase activity 
between the NADH dehydrogenase and cytochrome b in this chain. The pri- 
mary NADH dehydrogenase activity of this chain is refractile to Zn 2+. Our 
NADH dehydrogenase is inhibited by Zn 2÷. The slow inhibition caused by Mg ~÷ 
and Ca 2+ may be explained by activation of  a protease in the enzyme prepara- 
tion. The loss of  activity only if Mg :+ or Ca 2+ is present during dialysis, and the 
length of  the time required for only partial inhibition, lend support  to this 
hypothesis. 
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