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SUMMARY 

I. An asymmetric  E P R  signal at g . 1.95 is observed under reducing con- 
ditions in whole cells and fractions of Azotobacter vinclandii grown on an iron-deficient 
medium. This signal is absent under similar conditions when A. ",,im'hmdii is grown 
on a normal amount  of iron. 

2. Growth of A. vinelandii on a low-iron medium using '~s.Mo in an E P R  nuclear 
isotopic substi tution s tudy established that  the g -- 1.95 E P R  signal is definitely 
due to monomeric blo(V). 

3. This Mo(V) signal appears on reduction with NADIt ,  N A D P H  or acetal- 
dehyde and is associated with an apparent ly  modified NAI)H dehydrogenase rather 
than a component  of the nitrogenase complex. 

4- Based on observed g-values and hypcrfine splitting constants  from this and 
related studies, it appears that  at the active site of NADH dehydrogenase,  Mo(V) 
could be coordinated with cysteine. 

INTROI)U( 'TION 

A study of tile E P R  signals observed under reducing conditions in whole cells'" 
and derived fractions frmn A. vinelandii grown on a low-iron medium revealed an 
unusual asymmetr ic  E P R  signal at g = 1.!) 5. A. rinclandii is a strict aerobe with a 
respiratory system quite similar to the mamlnalian counterpart  in terins of substrate 
turnover  rates and composition of respiratory componentsL [;sing the criteria of the 
appearance of  the g = 1.95 signal by NADH reduction and the direct correlation 
with NADH-menad ione  reductase activity, a highly active preparation of NADt t  
dehydrogenase was obtained containing approx. 2 atoms each of molybdenum, ir~m 

• To  w h o m  i n q u i r i e s  s h o u l d  be d i r e c t e d .  
"" l . ' nder  low- i ron  g r o w t h  c o n d i t i o n s  a n d  r e d u c i n g  c o n d i t i o n s  t he  g, .= 1.94 t 'H'R s i g n a l s  

a t t r i l m t a b l e  to  i r o n - s u l f u r  p r o t e i n s  I a n d  i i  (cf. ref. 3) a re  c o m p l e t e l y  a b s e n t  in w h o l e  culls  a n d  
s u c c e s s i v e  f r ac t i ons .  ()n t he  o t h e r  h a n d .  w h o l e  ce l l s  a n d  d e r i v e d  f r a c t i o n s  u n d e r  n o r m a l - i r o n  
g r o w t h  s h o w e d  o n l y  t he  g :-  1.94 s igna l  a n d  t he  c o m p l e t e  a b s e n c e  of  the/ , ,  -.. 1.o5 s igna l  u n d e r  
r e d u c i n g  c o n d i t i o n s .  
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and labile sultide per mole FMN. The  prepara t ion  exhibi ted  a -ingh., bwmdvned t)vak 
in the anah ' t i ca l  u l t racentr i fuge and a dis t inct  ~,recn tinge. The catalx'ti<--centvt 
ac t iv i ty"  of i(~ 5oo with NAI)H as subs t ra tc  and Incnadionc ;t~ electron ac<-ept~,r 
was in the range of s imilar  NAIJH t)reparat ions (tJ. rcl. 2). l. 'nlike man,mal ian  N . \ I ) I t  
dehydrogcnascs  this enzvmc also c a t a l \ z e d  the oxida t ion  ~f aldehydes; (e5I m~lcs 
acetaldchx'de oxidized per mole IgMN per nlin :.it 25" ) and ~m rctlucti(m with >t)t~ itic 
subs t ra tes  such as NAI) I t ,  N ; \ D P H  or ;tcetald<'hvd," rexcalcd the s;llnv I';I 'R signal 
;it ~, I.~} 5 as observed m whole cells. In contras t  NADH dehydro¢t 'nasc isolated 
b \  tim SHII'!U pl~)ct~(]urc fr¢)nl whole cells ob ta incd  oil. llOl'lllal-il 'oll groxxth Sll()\Vc(I ,I 
different al)s~wpti~m spect rum with the typical  brown t'(~lt)l ()f il-i)ll sulfm- tlax¢> 
pr~,teins, a l~w st)eciftc ac t iv i ty  with a ldehydes  and absence ~d the .~ - I.()5 signal 
on subs t ra tc  rcducti~m. Isolat ion and protwrti<> of the NAI)H dch~,'drt~gcnasc [qcp:l- 
ra t ions  ob ta ined  ~m low-iron and high-iron growth c~mditi~ ns will I)c prCsclat~,d else. 
vc] l~,i-( ,4 ' 

I'II~:AY AND I~|ERI\VI,~'I'ItI-R 5 s tudied the dec t ron ic  envi ronment  ~,f lnoh' t )dcnum 
in xanth ine  oxidast, by the use of E P R  isotope subs t i tu t ion  tccllniqucs using "s.M,~ 

as the nuclear isotope. (_)n the basis of their  studic~; with xanth inc  ~xidasc a s  v,,I(.,ll 
as complemen ta ry  model M o ( V ) t h i o l  complexes ~ they  suggcs t td  that  sulphur,  
possibly" der ived from cysteine,  was a l igand (~f Mo(V) in xanth ine  ,)xidasc. Rt c c n t l \  
l l tAx ( ;  A.XD I-I..xmH~ v repor ted  an E P R  ~tudv ~,f momm~eric Mo(\ ' ) -cxstc i t !c  c,,m 
plcxcs using na tura l  and "~'Mo-cnriched sxstv.n~s. They c{mflrmcd the I'.'PR spect rum 
t,I the Mo{V)-cysteinc complex first repor ted  by  l~l;x~¢r~x AN> .%'~.:Xc~.: ~ and supp~wtcd 
both the tCRAV and .":,m-yc~.: groups in the possibi l i ty  tha t  cvstt ' ine was a lib>rod for 
M(,( \ )  at the act ive site of m(~lybdenum-containii~g vnzvmt,~. 

The l-PIe signal at g 1.05 could be a t t r i bu ted  to pa ramagnc t ic  Mo( \ )  lwcausc 
of the measured g-values,  re lat ive tvml)craturc  indepcndenct '  <,f signal shape :.tnd casc 
~t" power sa tura t ion  at rclatix'clv low incident  microwave powers. The signal s t rongly  
resembled the Mo(V) signal of xanth ine  oxidase" and al¢h'hvdv. <~xidast '~". "l'hc unusual  
Imq)erties of the two different types  of NAI)H prepara t ions  and the d ramat ic  C]langcc 
in F.I>R signals observed in whole cells and derived fr:.tcti~m.-, (m low-ir(m and high-irwin 
growth condit ions indicated a fundamenta l  change in the red~)x-acti\e conlpt ncnts  ()f 
the bacterium.. 'z,  imc  this difference was pr imar i ly  reflected in the g I.(15 signal, 
it wa.'. dr'creed e>svntial t~ firmly establish the i d c n t i t \  ~t this signal. 

This paper  describes the exper imenta l  results  obta ined  in such a s t u d \ .  (;r~,wth 
~)f A.  v'im'lamtii ,m a low-ram medium in the presence of added ""~M(~, is,~lati(,n ~,f thc 
NAI) I t  dch.xdrogenasc at a sui tabh '  s ta te  of pur i ty ,  comparison ~d it:- reduced F.PI¢ 
signal with a similar  fraction grown ~m low-iron and na tura l  mol \ l )d t ,num should 
result in a definite intensificati~m of the expected hypc, t ine  s t ruc ture  in the '~I~, IcpR 
s;unt)lc. Anulvsis ~f the hyperfint '  s t ruc ture  ,~f the :'r'Mo-vnriched N A I ) t |  dchxdr~> 
gvnasc firmly establishes that  the IEPR signal at ~.' - ~.¢15 is due t,, .XI~,(\'). A prc- 
l iminarv report  ,m this s tudy  ha> been previ~,ush' prcscnled it. 

.MATI"I¢IAI S AND .'kll.-'l'H()l) 

A. "cim'la~Mii (Strain OP, k indly  provided bv l)r. P. \V. Wilson) was ~rown ~,n 

• M<,lcs sul,~trat<. <,×idizvd per moh. I:MN p<,r rain at "5 • 
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a high aerat i(m rate  in a I0-1 ghtss conta iner  using glass-dist i l led water,  a modil ied 
medium as previously  described a but  at 3% of the normal  ir(m requi rement ,  t mg 
~"~Mo (9(>.8% enriched),  ob ta ined  from Oak Ridge Nat ional  l . abora to ry ,  was added 
as sodium molybda t e  per 1 (>f medium.  Radioac t ive  'aUM(~ (New England  Nuclear) was 
added  in trace amount s  to the s tock '~s3lo solution pri(,r to addi t ion  t(, the medium 
to ln(mitor up take  of m(dybdenum 1) 3 whole cells and to de termine  the rehttive 
d is t r i lmt ion  of mo lybdenum in the f lact i ,mat i ,  m steps. \Vh(de cells (4 ° mg protein 
per ml in o.o25 M potass ium phosldmte buffer (p l l  7.(~)) w e r e  subjected twice t -  
French pressure cell extrusion and centr ifuged for 3o rain at ~o (~oo > g. The super- 
na t an t  was subjec ted  t(~ heat t r ea tment  f i , r  i o  rain at 55 '  under H a and centr ifuged 
for I h at 4 ° ooo :< ,~. : \  (NtI4).,S(.) 4 fracti(mati(m was made and the precil>itate ( 2 o  
48'"'/o sa tura t ion)  taken  up in a min imum volume of the same lmffer, s t . r e d  under  H., 
at o ~ and centr i fuged for r h at  4(> ooo :., g l>efi~rc use. 

NAI_)It dehydrogenase  was purilied to the (NH4)zSO4 s tep because unlike the 
most purified t )reparat ions which are highly unstable,  l imited in amount  lint show 
the same ~,, = I.()5 signal, the (NIJ4)aS() 4 fracti(m is relatively" s table  in both the 
reduced EI>R signal and enzymat ic  ac t iv i ty  fl~r at least 48 h under  H a at ¢ .  Fur the r  
the E P R  al)s(~rption at g 1.95 is qui te  intense and n .  interfering E P R  signals are 
observed in ei ther  the oxidized or reduced states.  This fraction ob ta ined  on low-iron 
(>r low-iron an(t added  US'Mo growth condi t ions cata lyzes  the oxida t ion  of 9-1T t, moles 
N A I ) t t  per rain per mg protein with lnen;u.li(me as ;tcceptor at 25" using the same 
assav condi t ions described by IIATEFI AND .'qTF.MI'I.:I. 2. 

EPI¢ spec t roscopy was carried out in f requency-matched quar tz  tubes  with a 
\. 'arian \ ' -4o52A X-band  spe(-tr(>meter e(luipped with a loo-kcycles-t ield m()dulation 
unit,  "Fie ld ia l"  and an aut(mmtic  h~w-tentl~erature a('cessorv. Frequencies were 
measured with ;t Hewle t t -Pack ; t rd  frequency meter  and magnet ic  field intensi t ies  
with a \ ' eu t ron  M,~(lel (.-5(>2 NMR precisi,m gaussme.ter previously ca l ibra ted  with 
a fre(lueney ( ' , ,unter. 

I{ESL'I.T,'q AND I>ISCI'SSION 

ICadioactive measurenlents  indicate  tha t  (>4'Io of added  i'~SI(~ (and corresp(md- 
ingly "'~Mo) was present  ill the washed whole cells. 0C}g of the rad ioac t ive  molyb-  
denum taken up by the whole cells was released in the cell-free ext rac t .  The (NH4)aS()  4 

fraeti(m used in the. E P R  studies conta ined i9°,,  , f  the radioac t ive  molybdenum 
present  in the cell-free ext rac t .  Par t  of this m(dx'bdenum and the major  remaining 
f r ac t i . n  of rad ioac t ive  m(dvbdenunl  is p resumably  associated with the m(dvbdo 
iron -t>rotein of the ni t rogenase complex.  This l a t te r  protein was is(dated from ..l. 
v i m ' l a n d i i  by ICuLrx AND I.I.'('().~ITI.: va and recent ly  c rys ta l lyzed  by l~tl,:Ys ('I al. va 

while M()RII'~NSON ('t al. u were. the thst to is,date the m(dvl)do-ir(m pr,~tein from 
( ' l o s t r i d h t m  f las l cHr iamtm.  The repor ted  E P R  spect ra  Is of the crys ta l l ine  protein in 
both the oxidized and reduced s ta tes  are quite dissimilar  to the EPl{ spect ra  observed 
in prepara t i (ms of NAI) t ]  dehy(Ir()genase. 

Fig. i shows the effect under  He of excess NAI)H,  as a function of t ime,  (m 
the al)sorpti(m spec t rum of the same 2¢> 48°,,  (NtI4)oSO 4 fracti(m used in the EPI¢, 
studies.  Simihtr absorbance  changes are observed on anaerobic  addi t ion  of N A I ) P H .  
;\ pr(m(mnced decline in at)sorbance in the 4(HJ-5oo-nm regi(m is noted indicat ing 
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reduct ion of enzyme chronmphores.  (~ytochromes c, and c> the major  colored con- 
t aminan t s  in this fract ion,  are reduced by  NAI)H dehydrogenase .  

The upper trace of Fig. 2 represents the first derivative EPR absort)tion of 
the 2o-48°4, (NH4)2SO 4 fraction after aerobic reduction with excess NAI)H'. No EPR 
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Fig. I .  l':fl'ect of  N A I ) H  on t he  a b s o r p t i o n  s p e c t r u m  of  p a r t i a l l y  pur i f i ed  N A I ) I [  ( l e h y d r o g e , m s c  
o b t a i n e d  froln i r o n - d e f i c i e n t  A. "cinelandit .  N A I ) I t  {final conce i~ t ra t ion ,  o. 3 inM) was  a d d e d  u n d e r  
l t e  to  an  (NI-t4)=S() a f r a c t i o n  ( ,o-48o.0) c ( m t a i n i n g  S. 4 mg  p r o t e i n  pe r  nil. S p e c t r a  were  r e c o r d e d  
on a ( ' a r y  Model  i 4 rceor( lmR s p e c t r o p h o t o m e t e r  in a x-t:m T h u n b e r g  t u b e  (He l lma) ,  t o l a l  v o l m n c  
o.S ml.  S p e c t r a  r 4 were  recor ( led  a t  I, 7, 0.5, a n d  r 5 inin,  r e s p e c t i v e l y .  

FiR. ". [ ' l f ee t  of  N A I ) H  on t he  E t ' R  s p e c t r a  of  n a t u r a l  m o l y b d e n u m  a n d  " : 'Mo-enr iched Sanlph:s  
of  p a r t i a l l y  pur i f i ed  N A I ) l l  d e h y d r o g e n a s e  p r e p a r a t i o n s .  T h e  ut)pe," t r ace  r e p r e s e n t s  the  first 
d e r i v a t i v e  I ' ;PR a b s o r p t i o n  of  at a o - 4 8 %  (NIla) , ,S()  4 f r ac t ion ,  c o n t a i n i i l ~  -'7 nag p r o t e i n  in o. 3 ml .  
o l ) t a i n c d  f rom cel ls  g r o w n  on  n a t u r a l l y  o c c u r r i n g  m o l y b d e n u m ,  a i m  r e d u c e d  a e r o b i c a l l y  for 3 m m  
a t  z 5 a t  a f inal  c o n c e n t r a t i o n  of  2 mM N A D H .  "l'he lower  t r a c e  is o b t a i n e d  w i t h  a s i m i l a r  f r a c t i o n  
(18 ing p r o t e i n  m o. 3 ml) u n d e r  i d e n t i c a l  r e d u c i n g  c o n d i t i o n s  d e r i v e d  fronl  ce l l s  g r o w n  on ~'.Mo. 
t . 'PR c o n d i t i o n s :  t e m p e r a t u r e ,  - - x 7 6  ; m o d u l a t i o n  a m p l i t u d e ,  4.8 g a u s s ;  f re ( luency ,  ().3o2 ( ; l l z :  
i n c i d e n t  m i c r o w a v e  power ,  9 roW. A b o v e  9-111~,~ ~ m i c r o w a v e  power ,  s a t u r a t i o n  of  t h e  l l lo lv l )de l l t l l l l  
siglla]  lilts [)Cell o b s e r v e d .  

absorp t ion  is observed prior to addit i (m of subst ra te .  Peaks are observed at  g --- 2.o52, 
,~ - 2.oz 9, g z.969, ,4 = z.q95 and g 1.045. The peak- to -peak  width  of the main 
signal is 43 gauss. The small  signal at g 2,052 correspmlds to part of the hyperfine 
s t ruc ture  of Mo(V). Natura l ly  occurring Mo(\") contains 25°~, of nuclear  isot()pes :'s.Mo 

• N A I ) H  d e h y ( l r o g e n a s e  shows  neRligi l) le  r e a c t i o n  w i t h  ()~. I ' :PR n lcasu re I l aen t s  a re  t h e n  
COllvenic l l t ly  c a r r i ed  ou t  ill air .  The  s a m e  E P R  c h a n g e s  a r e  o b s e r v e d  an~ te ro l ) i c a l l v .  

1t u, c k z m .  l l i o p k y s . . 4  eta, 2 . o  ( z 97(>) 443 -448  
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and 97Mo which have a nuclear spin of 5/2. For a monomeric paramagnetic Mo(V) 
system 0 hypcrfine lines are expected from the relationship 21 -- I where I is the 
nuclear spin. These hyperfine lines are difficult to detect at such a low enrichment 
and for this reason 95Mo of high enrichment is required for observation of the 6-line 
hyperfine structure. 

The naturally occurring Mo(V) spectrum observed in the upper trace resembles 
the Mo(V) signals reported for xanthine oxidase 9, xanthine dehydrogenasO s, aldehyde 
oxidasO ° and the Mo(V)-cystcme complex ~,v. The g-values anti approxiinate splitting 
constants are in the sanle range as those observed for paranlagnetic Mo(V) in the 
described systenls. Nevertheless some minor differences in signal shape are detectable 
indicating slight variation in the symnletry of the Mo(V) c o m p l e x  at tile active site 
of NADH dehydrogenase as compared to the other nlolybdo-iron- flaw)proteins. 

"I'A F~I.I.~ 1 

] ' ~ P R  C O N S T A N T S  D E R I V E D  F R O M  °5 .~ ,~O-ENRICI tED C O M P L E X  M E T A I . I A )  F I . A V O P R O T E I N S  A N D  M O I ) E L  

S Y S ' I ' E M S  

Substrate System 

NAI)II  
Xan th ine -y ,  d 
Forma ldehyde-a ,  fl 
Cyste ine  

• This  s tudy .  

N A D t  I dehydrogenase"  
X a n t h i n e  oxidase,  ref. 5 

Mo(V), ref. 7 

gz gy g~ ga~'. Az ,4v .4, Av. 

(Gauss) 

2.ot8 1.977 t.948 1.981 52 47 48 4q 
2.02..5 1.956 1.951 1.977 41 34 37 34 
g , , - - I . g q o  g j = I . O 7 1  1.977 A , , = 6 7  A ± ~ 2 8  41 
2.o29 1.072 1.93I 1.977 54 24 34 35 

"l'he lower trace of Fig. 2 is tile EPR absorption of a similar (NH4)sSO4 fraction 
obtained from whole cells of ,.1. vinelandii grown on 9SMo of high enrichment. Except 
for different protein concentrations the EPR spectra were obtained under approxi- 
mately the same conditions. EPR absorption does not appear unless NADH is added 
as reductant. There is a distinct intensification of the expected hyperfine structure 
with a 6-1ine spectrum observed ahmg each axis in tile x, 3' and z direction of the 
molybdenum complex. Analysis of the EPR spectrum in terms of g-values and 
splitting constants* is recorded in Table I. These values are in good agreement with 
those obtained for xanthine oxidase and the blo(V)-cysteine conlt)lex which have 
been enriched in 95Mo, suggesting that at the active site of NADH dehydrogenase 
evsteine could be coordinated with molybdenum. 

As mentioned, BRAY Agr) MERIWErHErO first used USMo in a study of blo(V) at 
the active site of xanthine oxidase. Our study is the first apparent use of 'aSMo in a 
bacterial system and in exanlining the active site of bound molybdenum in a primary 
respiratory-chain dehydrogenase. A. vinelandii has been previously used for EPR 
isotopic substitution studies to establish that the g = 1.94 EPR signal was clue to a 
reduced iron comi)lex (571:e, ref. I6) and that a ligand of this iron complex was 
s u l p h u r  (aaS, refs. 17, I8). 

"l'he results obtained on isotopic substitution with USMo establishes that the 

• Provisional  a s s ignmen t s .  

Biochim. B,ophys. Acta, 2zo (197 o) 443-448 
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u n u s u a l  t'21}R at g t.95 {m l{}w-ir{m growth  c{}n{litions is duc to M{,(\') .  In the cast: 
th{'n ~}1" ..I. ",'im'lamlii grown {m h}w-iron a f u n d a m e n t a l  t'hang{c in E P R  signals,  
~,bscrvt'd unde r  reduc ing  {'{,n(litions, appears  to have {}{.'{.'urr{ d sill{'{., this El}l{ signal  
i s  ll{}t p r e s e n t  i n  wh{}h, cells {,r d e r i v e d  f r a c t i { ) n s  ~,V]l{,n g r o w n  (}i1 a. n { i F n l a ]  a l n { } l l n t  {}l 

ir(m. "l'lw 1'21'1t s ignal  at .~ - ~.{)5 is r{.'adilv ( ibscrvabh. in hl tact  wh()h' c{'lls ()n 1,)w- 
iron gr{)wth ;tnd is tht'r(,f()rc n{)t due l() an y  {h,gra(tati()n ar t i f ;wts  arisin< fr()m tlw 
i s ( ) l ; t l i ( ) n  [)r()('t'{ltlr{'~,.  

. \ {  K X { }D,'I.I( I ){ ;?q 1: N'I 'S 

"l'hi,~ inves t iga t ion  was sUt)l)()rt{,{I t}\' i~{'sear('l~ { ; rant  ( ; I I - I3242 ;tw,~r{tt,d I}\' 
the Na t iona l  S{'i{'n{'e F{)und;ttion. 

I~ I-1; 1'2 I~ I". N( '  1'2~ 

I t ' .  \ \ 2  Joy~ . : s  x x D  I:. l¢. RM>H';.XR.~, H~ochtm. I¢~,,/,hvs..t~/a, 143 {,t}{, 7) 34 ° . 
2 Y.  I. H A r E I .  I -XXD I,L 1"2 S'rE,~Hq.;I.. l~zoc/l~m, l~z,/~h.vs. 16',. (ommu~z. ,  ,~, (l{~l~71 3o[. 
3 ]),  V. |)HRV.r~.R'IANIAN. ¥ .  [. ~ I I E I t I N . \  AND t ] .  ]'~I.HNI.:RT. l~i,,~h~m, l~o,/ 'hy, . .-D:a, l<}l I'l,}I,u; 

5.1S 
t I). V. [)ERV-\I~I .XNIAN. s u b m i t t { ' d  f o r  p l f l } l i ca t i~m.  
.5 I(. ( ' .  I~RAV \ N D  ].. %..~]I . ;RIWI./r lIER. , \ 'alun,  2 [ 2  (x<){'}t>l it} 7. 
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