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I.t:rricyn~chromc ~' Irom I¢l,J~h~hm't~'r rap.~l~h~tu~ was im, c,,ligatcd by I II-NMR, EPR and optical spcctroscupics. A haem-linkcd 
ioni~,alHm, ~ccurrir=g v, lth a r,K. ,~l N.4 at 25'(', wa~. t~hservt"d and a~signcd It) the ionisation of the axial histidine ligand by 
compari,,om~ wah dal;.i h~r related prt~tcin~,. At pit values below, this pK. Ihc ~,pin-sltlte OI the haem Fe ~' is shown IO he a 
,luantum Incehalfi*:ally admixed S -~ 3/2, 5/2 state. Ab~we the p K  the l:c ~ ' i~, high-spin. EPR studies of intact cells grown 
pholohclcrol~ophically reveal thai in ~itu tytochmmc r '  exists largely in tile ferrous slate. Upon the addition uf [Fe{CN)¢,] "~ the 
pmtcin bcc~m~cs ~xitli,,cd and I ? R  spCclla rc~cal that thc [:c a. spin-stale is a quantum mechanically admixed S = 3/2. 5/2 
.,,I;,|tc The~,c d;,|la indic~dc that Ihc unusuul spin-state of ferricytoehromc c' is not a consequence of changes to the protein on its 
i'~olati,~ll, a', h a d  b c c n  suggt_'sl~:d p rev ious ly .  " [hey  al~.o indicate that in situ cytochrome c' is located in an environment with a 
pll . 7, 

Introduction 

['ytochronlc c '  is a peripla,,mic cla~s I1 cytochromc 
~" widely di.stributcd amongst different bacleria [I-3]. 
Iq~r example, it is prescnl ill many photosynthetic bac- 
Icria as well as al'ml~cs, such as ,4:,tohart='r ritwhmdii, 
a n d  h t e u l t a t i ~ c  anae l t l l ' ~cs ,  s u c h  a~ . . lh'aligc~ws .spp,  It 
was tirsl i,,olatcd by Kamcn and his colic;ague.,, who 
nt~tcd thai tilt" I crric protein had an unusual optical 
spectrum that was pH dependent over the range 7-9 
[4-6]. Subsequently it was shown that other spectro- 
scopic properties of the ferricytochromc, such as its 
EPR [71, and N MR [8- I l l  spectra, wcrc nnusu;d com- 
pared t.J tht~sc ol t~lhcr ierrih:tcmoprolcins. Maltempo 
',|ct?lHtlnlt'd lt~l Ihcsc dil'tcrcnccs by showing that the 
ferri,, r, pin,s|atc ol cytochromc r '  eoukt be described as 
a quantum-mechanically admixed S = 5/2,  3 / 2  stale 
[7,121, whilst the spin-states of other cytochromcs and 
glt~bins arc wcll-knt~wn to bc ~,irnplc high-spin (S ,-. 5/2} 
t~r Iow-,',piJl ( 5  I /2 )  ,',t:tlcs ([131 and reference,,, 

t'q~rrc..ptmdt:nc~:: G R .  Mozart, ( ' ent re  for Metallopml,~in Spc:c- 
Iro,~ct~py anti llmh)g~. Ncht~ol ttf ( 'helnical Science,,, Univer~iq,' of 
I:a~,l 'Mll41iiL Ni,rv.ich NR4 TIJ, I IK 

therein). The pH dependence has been proposed to 
rcsttlt from the ionization of the axial hislidinc ligand 
to hi~tidinatc 114,15]. which causes the iron spin-state 
to change to a pure S - - 5 / 2  state. This propo,ial is 
consistent with the structure and all the reported spec- 
trosct~pie data of cytochrome c', as well as with struc- 
tural and spectroscopic studies of the homologous His- 
Mct coordinated cytt~:hrome b562 of Escheridlia colt 
[16] and the class lib cytochromcs r [13]. 

The wealth of spectroscopic and structural data on 
cyt~chromc c '  is not matched by a corresponding body 
of biochemical data. In fact, the biochemical function 
of cyt~,:hrome c '  is not known. It is not even clear 
whether the properties of the protein in vivo are the 
same as those of the isolated eytochrome c '  [2,3]. 
Despite its distinctivt' spectrum whole-cell EPR studies 
reported by Corker and Sharpe [17] and Prince et al. 
[181 failed to identify clearly cytochrome c '  in either 
Rhodoharwr cap.~'ulattt~ or Rh~Mo,~pirillum rubrum. With 
the subscque.tt discovery of low-spin analogues of cy- 
tochromc c '  containing both histidine and methionine 
coordination of the iron [9,19], the proposal was made 
that cytochromc c '  existed in the cell as a low-spin 
protein that underwent a transition to a high-spin 
protein upon isolation in some eases [9]. This proposal 
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was consistent with the earlier suggestion ~t' Kakuno el 
al. regarding a change in t~ptical spectrum of c~,- 
tochromc c" on isoLttion [211]. 

The question of whether cytoehromc e '  in situ i~, 
different from the isolated protein is the subject ~1 the 
present paper. We here rel~)rt the cllaracteris:tlion i~l' 
Rh. eap.~'uhlttl.~ fcrricytoehronle c '  by optical and I'~I~'R 
spectroscopies and show that the spin-state ~f the 
haem iron in the intact ecll under oxidising conditions 
is the same as that for the isolated protein; namely, a 
quamum mechanic;ally admixed S = 5 / 2 . 3 / 2  spin-state 
at pH values below 8. 

Materials and Methods 

Rh. cap.~ulatu.~ strain 37h4 [21] was gn,wn ehcmo- 
heh ~olrophicalty on RCV medium [22] and h~w oxygen 
tensions in a hg() I fermenter. This generated approxi- 
mately 61)0 g of cell paste. From this material the 
ferrieytoehrome c '  was isolated :rod purified by the 
procedure described by B:lrtsch [11. Its optical rind 
EPR Sl'~'etral characteristics at pH 7 were alm~sl ihc 
same as these reported b~' Yoshimura c t a l .  Ii, r Rb. 
cttp.vulatus ( B lilt)) l'crricytochromc c '  [23]. 

Samples of fcrricytochrome c '  fi~r NMR wcrc pre- 
pared by exchanging the supporting t t , O  buffer for 
ZH20, containing 25 mM rhosphate buffer at pH 7.4. 
with a Centrieon device. The protein concentration was 
I -2  mM. Samples of cytochrome ~" li)r EPR were (I.5 
mM in protein in a 25 mM phosphate solution or in a 
buffer cocktail consisting of (I.2 M Caps, 0.05 M Taps, 
(I.05 M Hepcs, 0.05 M Pipes and 0.05 M Mcs. Identical 
results were obtained with both types of samples. For 
experiments with intact cells, Rh. eapsldatu.~ 37h4 was 
grown phot(;trophic;illy ~m R('V medium in completely 
filled 1 litrc flat-sided bottles. (?ells of Rh. capstdatu~" 
were pelleted by ccntrilugation at I0 ()IX)xg fl~r 2(1 
min, resuspcndcd in 0. I M Hopes buffer at ptt 7,4, and 
then spun again at I() ()0(l×g for 21) rain alltl the 
excess buffer was then removed with a ~yringc. 

The cell suspension was then translcrrcd m an I-PR 
tube with a syringe. In s~me samples 61) ntM 
K~[Fc(CN),], or fill mM tctramcthyl-p-phcnylcnc- 
diaminc (TMPD), in 1).1 M Hopes buffer at pH 7.4 was 
added dropwisc to the cell suspension in the EPR 
tube The sample was then shaken and immediately 
frozel, 

All pH values given in the figure caplions tire direct 
meter readings uncorrected liar any isotope effect. Thus 
pH* is used to ;ndicatc the meter reading for : H , O  
solution.~. 

The ~F, NMR spectra were recorded with a JEOL 
GX-40(1 spectrometer. 1,4-dioxan was used as an inter- 
nal reference but all chemical shifts are rel~rtcd in 
parts per million (ppm) downfield from the m~:tP;,I 
re~)nance of 2,2-dimcthyl-2-silapcntanc-5-sulphlm~ttc. 
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t:ig I. t lV~Nhlc  ,.l,ct:lra ol t~ a M  Icrrtc~l~,,..hr.,nlt.' , ,  ill 25 inK| 
',¢~ditlm pho,,ph 01c, a~. a lun¢li~..| ol p[[. the pll r~ng¢ ~,f tilt: spccl ra 

i..7 II. 

The EPR spectra were obtaincd with a Brukcr ER- 
2fl0D spectrometer equipped with a t3rukcr L'~SP I(~110 
data system and ()xlhrd Instruments i~SR 0 cl'yost~tt. 
The spectra were recorded with a modulation ampli- 
tude of 9.78 G and microwave pt~wcr ~ff 2.112 mW. "l'hc 
optic;d spectra wcrc mcasurcd with ;i ! litachi 557 dual 
beam spcctropht~tomctcr. 

Results 

Opdcal .v~ectra of ferri~3'tochmme c' 
The UV-visiblc region ~1 Ihc spcctrtHn ol fcrricy- 

t o c h r ~ m c  c '  t w c r  l h c  w a v c J c t l g t h  lit l |gC ,1.][) 7511 i1111 

:lid at vark;us pll values is sh~)v,'ll m I'i~:. I. The 
general appearance of l i l t  spcClltlill  ~lnd il~, pll tlcpcn- 
dcncc is typical tff fcrricytc~chromcs c '  [I--31. f)nc ~1 
the major distinguishing [caturcs is the incrc~lsc in 
;d~sorha,lcc tff the 63N nm band with increasing pit. 
This change is indicative of all increase in the high-~,pin 
character of the ferric spin-state 12.1.25] which is pro- 
posed tc~ r¢:utt Ii'om the ionisation of the histidine 
ligand t~ a histidinate [14,15]. The pK, ii~r the transi- 
ti~m obtained from the optical spectra is 8.4 {fig. 21. 

NMR speetr~t ~t" fi'rrio'touhrome c' 
High-frcqucncy rcgions of the ' i f -NMR spectra ,~f 

ferricytochromc u' ;it 25"(' and various ptl  ~ ~.,alucs are 
shown in Fig. 3. The gcnerat appearance ~1 the spec- 
trum :;trong!y rc~e.'mhlc~ that of B. rnhrtll~t. I~. tlt~lt~('hi- 
t lnt im ~nld ('hr~fltltllilttt! t'itlO,gltttt icrricytothuonles c', in 
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has the appcaranct  of a quantum mechanically ad- 
mixed S = 5 /2 ,  3 / 2  spin-state, the g values bring 5.70, 
4.97 and 1.99. The g ,  signals arc sensitive it, the 
degree tff mixing bc lwtcn  the sextet an:l the quartet 
states such that g ,  = 6.0 a-' + 4.0 h" where a and h 
are the coefficients ,,f the S :~, 5 / 2  and 3 / 2  starts 
contributing to the ground slate. An;dysis by the pr,,tc- 
dur¢ developed by M.'dtempo [12] shows the admixed 
spin-state at ptt 6.1 tan be described as a mixture of 
~ 611% S = 5 / 2  and ~ 40% S = 3/2 states. 

The pH dependence of the EPR spectrum is shown 
in Fig. 5. The signals of the high-spin and intermedi- 
ate-spin/high-spin species arc in slow exchange and 
thus as ont increases in intensity the other decreases. 

9 - '  ' 

i: 

/i 
- ' /  ~ i ...-~ or 

/?" 
• 7.6 

/ 
/ . 7 ! 

i 

i ,  

I 

L, 
'-: bl[I 

/ , 66  

Fit~. 5. pll d, 'pendenc¢ ~,1 the h~w-fickl region ol Ihe X b;md l iPR 
,~,pt.¢lrum ~lf Icrricyl(~chrome c ' .  "l'h,: qt~olt:d pl l  villue~, ale lronl 
room It'n]rlc'raltlr¢ me~surelllt'nls. S[implcs were prepared ill room 
temperature,  using the buffer mixture described in Matcri;ds and 
Methods m achieve the desired pH s;due, and then fr(,zen t*~ I(1 K 
fog the EPR measurcmcnl .  Protein ¢onccnlratkm ~ I mM in dculcr.  
ated zwincri~,nie bul'fcr; sltfnple tcalpcraturc = Ill K; fl,iClt}wil',,¢ hc- 
qu,:ncy ~ 9.3 ( i l lz ;  power ~ 2.112 mV; m~Muhflion .mlplitudc ~?7X 

G; gailt = 6.3. I l l '  ,~r 4.11. I(I '~; '..|',eclr;i m,rmali,,cd fi,r ,q:~ln 
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t:l~ 0 Iov.  liclti Icgi~m'~ ol The X I,;Hld I P R  ,pc,.mJ ot t,O /¢/). 
(ltl~lLhtltl~ It'lricyTot hr,,,l¢ t ' .  pit  f i  I. illl(J illl;It2{ ICh ~,lJ~lihlttts cells 
It') hch~rc iltld ~b) allot ildthlion ol K ~{Fc(('Nlt,]. [ 'ells v,.cr¢ sus- 
pended m {I.I M I lcpcs  buncr,  ptl 7.~. S;Jmplc ,cmpcraturc Ill K; 
microwa'.c IrctlUCn¢~ -q. '~ ( i l l / :  p~,v, cr : 2.112 nlV: intl,.l:ll;llit)n dill 

pliludc : ~t7~ (i:  ~e;~tn t~ 3 III : 

'l'hc pK., h ,  the ',pcclr~fl Cll~mgc ix - 7.,q. I hc dillcl- 
cncc between this 'lnd the value obtained trom the 
~}ptical and NMR pt l  titrations pl~)hably ;lti~,cs from 
the sample Icnlperalurt  di lfcrcntts ,  'Ibis serifs ~t 
sp t t t r a  a r t  t ss tnl ia l  for lilt an;tlysis of the whole cell 
I-'.PR since the pt t  (,I the cytochrom¢ ~" cnvironmtnl  in 
~,itu i~ nt)t known. 

I" I'R .sp,'c/ra o/whoh,  <'ell.~ 
The low:field rcgk,n of the I-PR speclrum (,f intact 

RI,. Cal,.~tdatns cells suspended in a zwittcrionic buffer 
at pH 7.4 is shown in Fig. 6c. The addition ¢fl" 
KdFe[CN),]  (Fig. 6b) (,r TMPD (not ~,hown) c;tt,scs 
the spcclrum re) change. The g ~ 5.7 ;lild A' ~ 43  sig- 
II~lls increase in intensity and a broad I¢,tlurc ;It t,, - 
1 . 5 - 5 . 2  hL, colnc',,, ; lpp;ll 'Clll.  T h e  br~ lad  I e d l t l r t  ;lll(t t h e  

g ~ 5.7 si/:,nal strongly rcscmhl¢ the spcctrunl ~)I fcrri- 



c~,,hlchrol l l¢ r '  i l l  p l l  n. I Ic{II11l'~arc l i ~s ,  I l l )  i l l ld a ) : r o d  

lll,.'rql~}rL' 'Ac ~l~,~,l~ll lhc'-,c I i ' i l l l l l~. '~, I o  l ' ) l ( i~ .hHi i i ic  { '  

l h e  k' (~.I) ",h(,uld~:~ i'. i luu  It> {~lhu'l hu.'h , ,pin I c , ~ ,  

hist.'In'.,. It,, c i In lpa l i , , i~ l l  ~>.ilh i~lh{. l  '-,)~,lu'lll'., lhu' k - 4 . 3  

',ql~llill J"., ; l . .MynL'd I l l  Inl111OllllJl iL l l~ l l -h i lcnt l  i iAln, 

lh~: ,ii~111 ' "~IriL'L' 111 l hc  I'~MI l~.",'l~l~.'hi~'nIL' ( '  spc t ' I r i l l l l  

i l l  i11111~'i ,all', ,,11~,, II1~il lh~' l l l l l i , ,ua l  clcclr~1~li~.' ~Iil,~,'- 

liH~: ~I lhu  lhlL'm I'~ IP , l l l l l i l i l lCd ~vilhii'~ l i fe  ce l l  and i ~, 

i io l  ,i ~'Ol1~,L'qLl',.'lh.~ OI lhu' l)r011.:IIl l'~u'irlg i l l l c r c d  l~ii 

j ' .o l ; i l i~m.  J h ¢ i c f o r ~ : .  ~,in,L'c 1;IC h a c n l  ,:Icctnmic ' . , Iru(:- 

l u re  i', par l icul ' ,~r ly  '.,cn~,ilb,~: I o  chai lgL's in lhc  l i g a m l  

f i c M  [12] .  w h i c h  in t u r n  d~:pcnd ~n  lh¢  p r o l c i n  SlrLi(.'- 

ILir¢. o u r  dali~ ',,Ir~inlzly sug[z~.',,l l ha l  lh,,: p r { i I ¢ i n  in s i tu  

hi ls lhc ,,,~ll]IL" ~,|IIICIIIIL' ;.P, lh~." is~d;ll,,.'d i~r~;l~.'iI1, 

l ) i m ' i , ~ q . n  

l'hi: hll|k'II~Hl ol C~'IO~.'III~IIYIL' r.' iS ll(~l kllO~"11 l"tll lh'v 

dltla ~"I ITS" h iUIIik'al'." IV'.I" I:I.~'t~r". lh;at lllil)' I'~¢ iIIIpOl- 

fat11 il l h l l l l l k '  i l l I~.mlpln to  ~l','lillu' if',, II111¢Ii1111. l " i t , , l ly .  

lhc  l'll1'llu'ill ~,I11 L:\I'.,I 111 the: ucl ,  Ia]~:u'l> in lll,L + h.'l'rOtlS 

l ,ol l l l  l h i s  ~,SilS, sho~,',II I}~, Ih¢  I ( P R  {.",i lIu'f l l l lCll ln Oil 

',shld~' o. ' I I ' , .  Sin,,'c u ~ t o d u o n ' I c  < '  in auhr~idi',~d'~Ic i l 

i n d i c a l c s  lh~ l  lhu' cell,, ~ . , ~  :111~l~,lOl~iq U l l t I ¢ l  o l i i  con -  

d i t i i l ns ,  (3 ,1odm.n~ . ,  r '  is loc~l~:d in l hc  p~, r ipk lsm o f  

( i iat l i - I lck:al i ' ,~. ;  ba¢l~' l ' ia and  lh is  ra ises l h c  tlU¢'.,li{~n o f  

h o w  II'~.: h.'r~ou', l o t t o  is g~:n~.'~alcd in s i lu .  ( ) n ¢  pi-~ssihh: 

r c d u c l a n ~  in uh i ( lu in ( f l ,  , , \ l lh~ ,ugh t h i s  n'w, lucL, Ic is lo-  

c;d~.J in the  ¢~top l ; Is tn ic  rncml~ ranc  it is possihlc lh ; l l  

ln,,,.'nlt~,lill1¢..it'.,'..iI~.'iillCd ,,'~,loclll~qll¢ i" l.'t}llh.l illli.'l'ill.'~l ~'illl 

lhi'., lCdU,danl. ( ;,h}chr,,iin¢ (" u'~tn hi: rcdu~x:d b~ v,'a- 
lcr-,,olul}Ic d.~m,qkiinol (A.(I. Mclw,,an. urq'~uIiIi',hc,.I 

,";¢~.lln,.ll~,, lllc pll ~.,l Ihv lo~.'al clr,,ili)llrlll..'tll ix lcs:,, 

l ha l l  ~7 lhLl~,, the  i ,mlxa l l~ l l l  o l  the  ;r,d;ll h i~, l id in¢ is 

imhkcl~,  m lh, ' ,c ~ uuu lu  phy.,i~di~y~cal - .~n i l i c~mcc  un-  

Its,,  if ~,, lWi l l l l bU 'd  ill ',,fill. l h u ' r c h l r ¢  lhc  l l l l l¢ lJOl l i l l  

hqlll i)l c",I!~i.'hlolll; I' %ili h,lv.L' a inolti1-11is cooldl- 
ll;HC.d h;l.nl, i Ili~ Ioi111 i'~I c yI,~)chroIII¢ ~" ha', r¢l;.iIi~'.~'ly 

,,Iov. ligand I',m,.lin,~ i'~rol~cMi¢,, [2.2{x27] ;.,r,d this. cou- 

plc,..I v,.ilh it,, ru'I~tli',,,,.'b Io,,', rc{.lox pldcnti;.iI of - Ill I<, 

l?,() lll'~ 11 l>l] ;ill,.~ l't'll.'I¢llCl: ~, lhuIi.'in), rnakc'.., il uI11ikcl~, 
lh,[l t\h)dIIi}lllu' ~ ' is il I~.'IIIIiiIJl ~}\ida,.u'. I hlv,,,',,~:i, the 

~Ill~'~,li~)ll I l l  ~hc111Cl ~..%h)~,hlo111k' ( '  IH l I ( ' l i l l l |  ~, ll! clck- 
IHu l  II:111',,IcI i l l  ii) I I~ ; l l l { l  [ ) i l l t l i l l~:  r~: l l l i l i l lS { I p ¢ l l  

;~ 'kmnqt ' ( l l~ t '  m{ 'n  I s 

\~,' I ha l l k  Ih¢ ,~L'I~,':' 
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