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Soluble NADH dehydrogenase was purified to homogeneity from chem otrophically grown 
cells of Rhodopseudomonas capsulata by ammonium sulfate fractionation, AH-Sepharose 4B  
chromatography and FMN-Sepharose 6 B affinity chromatography. The enzyme contains a single 
polypeptide chain o f an apparent M r o f 37000, suggesting that the subunit structure is different 
from that o f the membrane-bound enzyme. The purified soluble NA D H  dehydrogenase requires 
flavin compounds, e.g., FMN, FAD and riboflavin, for activity. Addition of FM N and FAD. but 
not riboflavin, to the enzyme solution stabilized the enzyme. The pH optimum for activity was at 
7.5. The enzyme was specific for NADH  as an electron donor while NA DPH  was inert. 
Menadione, ferricyanide, cytochrome c and DCIP served as an electron acceptor. The M ichaelis 
constants for NADH. DCIP, FMN. and cytochrome c were 45, 2.9. 7.9 and 15 |iM, respectively. 
Many properties o f soluble NA DH  dehydrogenase were substantially different from those of the 
membrane-bound enzyme, suggesting different functions.

Introduction

Most species o f  the facu lta t ive  p h o to t ro p h ic  
bacteria  o f  Rhodospirillaceae can p ro d u ce  energy 
e ither by cyclic p h o to p h o sp h o ry la t io n  u n d e r  a n ­
aerobic  condition  in the light (p ho to tro p h ic )  o r 
by oxidative ph osph o ry la t ion  u n d e r  ae ro b ic  co n d i­
tion in the dark  (chem otroph ic) .  These  bac te r ia  
have both photosyn the t ic  and  resp ira tory  e lec tron 
transport systems, w hich  are  in f luenced  by light 
intensity and oxygen part ia l p ressure  as the  m a jo r  
external factors [1, 2], W e have  been  in terested  in 
unders tanding the  structural basis  and  the  r e g u ­
lation o f  function o f  bo th  elec tron t ran sp o r t  sys­
tems. M em b ran e -b o u n d  N A D H  dehydrogenase  (EC 
1.6.99.3) is one m a jo r  en trance  o f  elec trons and  
protons to the resp ira tory  chain. In a p rev ious 
paper, we show ed the presence o f  at least th ree  
dif ferent pyrid ine nucleo t ide  d eh y d ro gen ases  in 
chem otrophica lly  g row n cells o f  Rhodopseudomonas
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capsulata, i.e., m e m b ra n e -b o u n d  and  so lub le  N A D H  
dehydrogenases and so lub le  N A D P H  d e h y d ro ­
genase, and described the so lub il iza t ion ,  iso la t ion  
and some properties o f  the  m e m b ra n e - b o u n d  
enzyme [3].

In the present paper ,  iso lation  an d  part ia l  
characterization o f  so luble  N A D H  d e h y d ro g en ase  
from chem otrophically  g row n  cells o f  Rps. cap­
sulata, are described with em p h as is  on  dif ferences 
of the properties from those  o f  the  m e m b ra n e -  
bound N A D H  dehydrogenase .

Materials and Methods

Materials

NAD H, N A D P H  and cy toch rom e  c (horse h eart)  
were purchased from S ig m a  C hem ica l ,  USA; 
Sephadex G-150, A H -S eph aro se  4B a nd  S eph arose  
6 B from Pharmacia, Sweden; Cellulofine G C -200  m 
from Seikagaku Kogyo, T okyo ; and  D C IP  and
l-e th y l -3 - (3 -d im e th y l -a m in o p ro p y l )  c a rb o d i im id e  
from E. Merck, D arm s tad t ,  W est G e rm a n y .  O th e r  
materials were o f  the h ighes t  puri ty  co m m erc ia l ly  
available.

Culture condition

Rps. capsulata, strain 37b4 (G e rm a n  C o llec tion  o f  
Microorganisms, Göttingen. strain  n u m b e r  D S M 93 8) ,
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was grown aerobically  in the  dark  in the  yeast 
extract-malate  m ed iu m  R Ä H  as descr ibed  p re ­
viously [3], The  cells w ere  harves ted , w ashed  and 
stored as described p rev iously  [3].

Enzyme and protein assays

D eterm inat ions o f  activ it ies o f  so luble  N A D H  
and N A D P H  dehydrogenases ,  and  p ro te in  assays 
were carr ied  out as desc r ibed  previously  [3].

Preparation o f  FMN-Sepharose 6B

The procedure  o f  W ate rs  et al. [4] and  Michalis- 
zyn et al. [5] for coup ling  6 -a m in o h ex an o ic  ac id  and  
F M N  to Sepharose  6 B was slightly m odif ied .  
Sepharose 6 B (30 ml) w a sh ed  with w ate r  was sus­
pended  in 0.2 m  N a 2C 0 3 (30 ml) and  ac tiva ted  with
2 g o f  finely ground  C N B r  at 20 °C  for 10 min. T h e  
suspension was filtered and  the  ac tiva ted  gel was 
washed with cold 0.1 m  N a H C 0 3 (300 ml). T he  gel 
resuspended in 30 ml o f  0.2 m  N a H C 0 3- N a 0 H  
buffer (pH  8.5) con ta in in g  2 g o f  6 -a m in o h e x an o ic  
acid was stirred slowly for ab o u t  3 h at room  
tem perature .  T he  gel was w ashed  sequentia l ly  with 
300 ml each o f  0.1 m  N a H C 0 3, 0.01 m  HC1, 0.5 m  

N aCl and H 20 ,  and  th en  suspended  in 30 ml o f
0.2 M glycine (pH 8.0). A fte r  stirr ing gently  for 3 h at 
room tem pera tu re ,  the  gel was aga in  w ashed  
sequentia lly  as descr ibed  above. T he  resulting 
am inohexanoy l-S epharose  6 B was susp end ed  in 
30 ml o f  w ater and  reac ted  in the  d a rk  w ith  2 g o f  
F M N  by add it ion  o f  l -e thy l-3-(3-d im ethyl am ino -  
p ropy l)ca rbo d i im ide  hy d ro ch lo r id e  (0.3 g) acco rd ­
ing to the p rocedure  used by R ob in so n  et al. [6 ]. 
T he  reaction m ix ture  was ad jus ted  and  m a in ta in e d  
at pH  6  with 0.1 N HC1, an d  stirred  gently  at room  
tem pera tu re  for 5 h. T h e  m ix tu re  was successively 
washed with 0.05 m  N a H C 0 3 and  w ater,  and  then  
the gel was stored in the  d a rk  at 5 °C  until used.

Electrophoresis

Gels were p rep a red  in absence  (7.5% polyacry l­
am ide)  and  presence o f  0.1% SD S (12% polyacry l­
am ide)  by the m e th o d  o f  L aem m li  [7], (s lightly 
modified). The gel p o lym erized  in the  absence  o f  
SD S was subjected to p re-e lec trophores is  with  
50 m M  potassium p h o sp h a te  b uffe r  con ta in ing  
10 |jm F M N  for a b o u t  3 h, and  then  e lec tro p h o re ­
sis was carried ou t w ith  the  sam e bu ffe r  system. 
Slab gel (0 . 1  x 1 0  x 1 1.5 cm ) elec trophoresis  in the

presence o f  SDS was pe rfo rm ed  accord ing  to 
Laemmli [7]. T he  m ark e r  p ro te ins  used were b o v ine  
serum album in, catalase, o v a lb u m in ,  h ea r t  lac ta te  
dehydrogenase, m yog lob in  and lysozyme. P ro te in  
and N A D H  dehydrogenase-ac tiv ity  b and s  w ere 
visualized as described  previously  [3].

Preparation o f soluble fraction

The soluble enzyme fraction  from  frozen cells o f  
Rps. capsulata was p rep a red  as rep o r ted  p r e ­
viously [3],

Purification

All operations were carr ied  ou t  at 0 - 6  °C . Unless  
otherwise stated, 50 m M  Tris -H Cl (p H  7.5) su p p le ­
mented with 0.2 m M  D T E  was basically  used as a 
buffer. The  soluble N A D H  d eh y d ro gen ase  was 
purified by the following procedure :

1. (NH 4)2S 04 fractionation

Solid (N H 4 )2S 0 4 (25% sa tu ra tion )  was a d d e d  to 
the soluble fraction ( 6 6  ml, supernatan t at 144000xg ,  
for 90 min) o b ta ined  from  45.6 g wet w eigh t cells. 
The  precipita te  was rem oved  by cen tr i fu ga t io n  
(24 400 x g ,  20 min) and  d iscarded .  T h e  p H  was 
kept at abou t  7.5 w ith  10% N H 4O H . T he  s u p e r ­
natant solution was b ro u g h t  to 50% sa tu ra t io n  w ith  
(N H 4 )2S 0 4, and the p rec ip i ta te  o b ta in ed  by ce n ­
trifugation was dissolved in a m in im u m  v o lu m e  o f  
the basic buffer.

2. Sephadex G-150 column chromatography

The enzyme solution  (14 ml) was app lie d  on a 
Sephadex G-150 co lum n (2 .2 x 9 1  cm), p rev iously  
equil ib ra ted  with the  basic buffer.  M ain  active 
fractions were collected.

3. AH-Sepharose 6B column chromatography

The enzyme solu tion  (19 ml) was app lie d  to a 
AH-Sepharose 6 B c o lum n  (1.8 x 11 cm ) prev iously  
equil ibrated with the  basic  buffer. T h e  enzym e was 
eluted by a N aCl g rad ien t  in the  basic  buffer.  T h e  
active fractions collected were d ia lyzed  agains t  the  
basic buffer and  concen tra ted  by u ltrafi ltra tion .

4. FMN-Sepharose 6B column chromatography

The concentrated  enzym e so lu tion  (19 ml) was 
further app lied  to a F M N -S e p h a ro s e  c o lu m n  
(2 x 11 cm) previously eq u il ib ra ted  w ith  the  bas ic
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buffer. T he  co lum n was w ashed  with the sam e 
buffer,  the enzyme was e lu ted  by a linear-salt  
gradient.

Estimation o f  molecular weight

The m olecular w eight o f  so luble  N A D H  d e h y ­
drogenase was es t im ated  by C ellu lofine  G C -2 00 -m  
gel filtration. A Cellu lofine  G C -20 0 -m  co lu m n  
(1.5 cm x 6 8  cm) was eq u il ib ra te d  w ith  the basic  
buffer contain ing 10(iM F M N . T h e  s tan d a rd  
proteins ( 1 - 3  mg) used were bovine  se rum  
album in, ovalbum in ,  chym o try ps ino gen  A and  
myoglobin.

Results and Discussion

Purification

The soluble fraction o f  cell extracts o f  Rps. cap­
sulata contains both  N A D H  and  N A D P H  d e h y d ro ­
genases [3]. Both dehydro gen ases  w ere p rec ip i ta ted  
with (N H 4 ) 2 S 0 4 ( 2 5 - 5 0 %  sa tu ra tion ) .  T h e  so lu ­
ble N A D H  d ehydrogenase  was e lu ted  from  the 
Sephadex G-150 co lum n as one  m a jo r  p eak  at a 
position s im ilar to tha t  o f  low m o lecu la r  w eigh t 
N A D P H  dehydrogenase  (Fig. 1 A). T w o peaks  o f  
N A D P H  dehydrogenase  activity w ere observed , 
suggesting the presence o f  two N A D P H  d e h y d ro ­
genases. T he  activity o f  so luble  N A D H  d e h y d ro ­
genase, bu t not o f  N A D P H  d eh yd rog enase  was lost 
when F M N  was rem oved  from the  reac t ion  mix ture .  
The soluble N A D H  d e hy d ro gen ase  was e lu ted  with 
the basic bu ffe r  con ta in ing  0.2 m N a C l  as a b ro ad  
peak and separa ted  from  N A D P H  d eh y d rog enase  
by the A H -Sepharose  6 B co lu m n  (Fig. 1 B). T he  
N A D H  dehydrogenase  was concen tra ted  by u l t ra ­
filtration and  fur ther  pu ri f ied  by F M N -S e p h a ro s e  
6 B affinity ch ro m ato g rap hy .  W hen  the  co lu m n  was 
washed with the basic  buffer,  the  enzym e was 
retained, bu t most o f  co n tam in a t in g  p ro te in  co n ­
taining a small am o u n t  o f  N A D P H  d eh yd ro g e n a se  
was passed through. N A D H  d ehy d ro g en ase  was 
eluted with a linear g rad ien t  es tab lished  b e tw een  
1 2 0  ml o f  the basic b u ffe r  and  1 2 0  ml o f  the  sam e  
buffer supp lem en ted  with 15|iM F M N  (Fig. 1C). 
Fractions o f  high activity were poo led  and  con cen ­
trated by ultrafiltration. P o lyacry lam ide  gel e lec tro ­
phoresis o f  the enzym e in the presence o f  F M N  
showed only one m a jo r  band ,  w hich  co inc ided  with 
the N A D H -D C IP -M T T  activity. F inally ,  the  poo led

Fig. 1. Chromatography o f soluble NA D H  dehydrogenase.
(A); Sephadex G-150 chromatography. Fractions o f 5 ml 
were collected; the flow rate was about 15 m l/h.
(B); AH-Sepharose 4B chromatography. Fractions o f  
4.6 ml were collected; the flow rate was about 35 m l/h.
(C); FMN-Sepharose 6 B chromatography. Fractions o f  
4.5 ml were collected and the flow rate was about 25 m l/h.
(o — o), NADH dehydrogenase activity; ( • ----- • ) ,
NADPH dehydrogenase activity; (-----) absorbance at
280 nm; (▲— a ), protein concentration determined by the
method of Lowry el a l\  and (----- ), NaCl in (B) or FM N
in (C) concentration. Other conditions are described in the 
Materials and Methods.

fraction gave a specific activity o f  6 . 2  u n i t s /m g  
protein. The enzyme was ab o u t  110-fold pu r i f ied ,  
and the yield o b ta ined  from the so lub le  fraction  was 
5% (Table I). The  specific activ ity  o f  the  p u r i f ied  
soluble N A D H  dehydrogenase  was re latively low 
com pared with tha t  o f  the  m e m b ra n e - b o u n d  
N A D H  dehydrogenase  [3], T he  M r o f  the so luble  
N A D H  dehydrogenase  was d e te rm in e d  to be a b o u t  
37 000 by m olecu lar sieve ch ro m a to g ra p h y  on 
Cellulose GC-200-m. W hen  the  enzy m e  was in ­
cubated with 1.0% SD S and 1% 2 -m ercap to e th an o l  
at 65 °C  for 45 m in and sub jec ted  to slab gel 
electrophoresis in the presence o f  0.1% SDS, it 
migrated as a single band. T h e  M r o f  the su b u n i t
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Table I. Purification scheme o f soluble NA DH  dehydrogenase from Rps. capsulata.

Stepsa Volume

[ml]

Total
protein
[mg]

Total
units
[units]

Specific
activity
[units/mg]

Yield

[%]

Purification

(fold)

Soluble fraction 66 1197 68.4 0.057 100 1
(NH4)2S 0 4 (25-50% ) 
fraction

14 693 65.0 0.094 95 1.7

Sephadex G-150 84 434 52.7 0.121 77 2.1
AH-Sepharose 4B 181 60.8 16.0 0.263 23 4.6
FMN-Sepharose 6 B 27 0.596 3.72 6.24 5.4 109

a About 45.6 g o f wet weight cells were used.

was estimated to be 38 000 from  sem ilo ga r i thm ic  
plots o f  Mr versus relative e lec trophore t ic  mobili ty .  
This shows tha t the  enzym e consists o f  a single 
polypeptide chain. In contrast,  the Mr o f  the 
m em bran e-b ou nd  N A D H  d eh y d ro gen ase  was ab o u t  
97 000 consisting o f  6  identical subun i ts  o f  M r o f  
15 500 [3]. Thus, sub un i t  s t ructures  o f  bo th  enzym es 
are largely d ifferent from  each other .

When F M N  was rem ov ed  from  the puri f ied  
enzyme solution by gel f i l t ra tion  on S ep had ex  
G-25, the enzyme lost its activ ity  completely . Full 
activity o f  the flavin-free enzym e was res tored  by

Fig. 2. Thermostability o f the purified soluble NA DH  
dehydrogenase and effect o f some compounds on the 
enzyme stability. The thermostability o f the enzyme was 
ascertained by incubating samples (0.5 ml, 0.16 mg o f  
protein) o f the purified enzyme preparation in the basic 
buffer at different temperatures for 5 min in the absence or 
presence of various compounds. A portion (0.1 ml) was 
withdrawn and assayed for the activity. The enzyme was 
incubated in the basic buffer and in the same buffer 
containing 25 mm riboflavin, 156 |iM NADH , 100 |iM 
N A D P H /l mM N A D +, N A D P +, ATP, ADP, AMP, EDTA, 
o-phenanthroline, sodium arsenate or 2,2 '-dipyridyl 
(a — a); in the same buffer containing 25 hm FAD  
(o — o) and in the same buffer containing 25 hm ( •  —  • ) .

addition o f  F M N  or riboflav in  to the  assay m ix tu re ,  
and 67% o f  the full activity was res tored  by a d d i t io n  
of  25 jjm FAD. T he  ad d it io n  o f  F M N  or  F A D  b u t  
not riboflavin to the flavin-free enzym e so lu tion  
increased the stability o f  the  enzym e hea t  (Fig. 2). 
We interprete these da ta  in th a t  F M N  a p p e a r s  to be 
a prostetic g roup  o f  the enzyme. T h e  m e m b ra n e  
bound N A D H  deh ydrogenase  o f  Rps. capsulata 
neither looses the  activity by gel fi l t ra tion  nor  is 
influenced by ad d it io n  o f  flavin co m p o u n d s  to the  
assay mixture [3], This shows th a t  the  m e m b ra n e -  
bound enzyme, bu t not the  so luble  one, con ta ins  
covalently bo und  flavin. M oreover ,  un like  the  
m em brane-bound  enzym e [3], the  so lub le  enzym e 
was not inactivated by incu ba t ion  at 25 ° C  for 5 m in  
with FM N , riboflavin and  N A D H  (Fig. 2).

The purif ied  soluble  enzym e exh ib i ted  an 
op tim um  activity at pH  7.5 (Fig. 3) s im ila r  to the

P H
Fig.3. Effect o f pH on the activity o f soluble NA D H  
dehydrogenase. Enzyme activity was assayed as described 
in Materials and Methods, and 0.1 M K H 2P 0 4 ~ K . 2H P 0 4 
(o — o), Tris-HCl ( • — • )  and glycylglycine-NaOH  
( a - - a )  buffers were used.
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m em bran e-b ou nd  one. bu t the  pH  o p t im u m  for the 
soluble enzyme was narro w er  than  tha t  o f  the 
m em b rane-b ou nd  enzyme [3]. T h e  soluble  N A D H  
dehydrogenase was specific for N A D H  as an  elec tron 
donor. W ith N A D P H  less th a n  0.01% o f  N A D H -  
linked activity was m easured .  Boll [8 ] rep o r ted  tha t  
the soluble enzym e o f  pho to tro ph ica l ly  grown 
R. rubrum can utilize N A D P H  at ab o u t  3 - 5 %  of  
the rate o f  N A D H . This  m a y  be d u e  to the 
contam inat ion  o f  the partia lly  pu ri f ied  enzym e 
p repara tion  with N A D P H  dehydrogenase .

The soluble N A D H  deh yd rog enase  ox id ized  
N A D H  with D CIP, m enad ion e ,  fe r r icyan ide  or 
cytochrome c as an  electron acceptor.  T he  relative 
activities o f  the enzym e with D C IP  ( 70  |j m ), m e n a ­
dione ( 15 0( iM) ,  ferricyan ide  (1 .5  m M ) and  cy to ­
chrom e c (81 (a m ) were 100,  135,  176 and  150,  

respectively, co m p ared  to 100,  123,  181 and  2 .8  for 
the m em b ran e-b ou nd  N A D H  d eh yd rog enase  o f  
Rps. capsulata. Thus, like the enzym es from  p h o to ­
trophically grown cells o f  R. rubrum , [9], the  two 
soluble N A D H  d ehydrogenases  o f  Rps. capsulata 
have different reactivities for cy to ch ro m e  c.

Michaelis constants (d e te rm ined  by the  m e th o d  
o f  Velick and Vavra [10]) for N A D H , F M N , D C IP
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and cytochrome c o f  the so lub le  enzym e w ere 45, 
2.9. 7.9 and 15 (iM , respectively. T h e  value  o f  the  
Michaelis constant for N A D H  o f  the  so luble  
enzyme is large c o m p ared  w ith  tha t  o f  the  m e m ­
brane-bound enzyme, bu t  the  va lue  for D C IP  o f  the  
soluble enzyme is sm aller  th an  th a t  o f  m e m b ra n e -  
bound one [3].

The results shown above  ind ica te  the  p resence  o f  
two different kinds o f  N A D H  d eh y d rog enase  in 
chemotrophically  grown cells o f  Rps. capsulata. In 
photosynthetically grown cells o f  R. rubrum , bo th  
soluble and m e m b ra n e -b o u n d  N A D H  d e h y d ro ­
genases are known to be presen t [8 , 11, 12]. W hile  
the m em brane-bound  enzym e is clearly funct ional 
with the respiratory cha in  [ 1 ], the  funct ion  o f  the  
soluble enzyme rem ains to be de te rm ined .

Acknowledgements

We thank Dr. R oland  D iers te in  for s t im u la t ing  
discussions and Nasser G a d ’on for skillful technical  
assistance. This work was su p p o r ted  by a g ran t  o f  
the A lexander von H u m b o ld t -F o u n d a t io n  to T. O. 
and a grant o f  the D eu tsche  F o rsch u n g sg em e in ­
schaft to G. D.

[6] D. Robinson. N. C. Phillips, and B. Winchester, 
FEBS Lett. 5 3 ,1 1 0 -1 1 2  (1975).

[7] U. K  Laemmli, Nature 227, 680 -  685 (1970).
[8] M. Boll. Arch. Mikrobiol. 62, 9 4 -  110 (1968).
[9] T. Horio, R. G. Bartsch, and M. D. Kamen, J. Biol. 

Chem. 2 44 ,5899 -  5909 (1969).
[10] S. F. Velick and J. Vavra, J. Biol. Chem. 237, 

2109-2122 (1962).
[11] M. Boll, Arch. Mikrobiol. 6 2 ,3 4 9 -3 5 7  (1968).
[12] M. Boll, Arch. Mikrobiol. 69, 301 -  313 (1969).


