
Btochtmtca et Btophystca Acta, 368 (1974) 318-338 
~ Elsewer Scientific Pubhshmg Company, Amsterdam - Printed m The Netherlands 

EBA 46825 

C O M P O N E N T S  OF  C Y T O C H R O M E  ~ O X I D A S E  D E T E C T A B L E  

S P E C T R O S C O P Y  

BY EPR 

CHARLES R HARTZELL*andHELMUTBEINERT 

lnstttute for Enz}me Research, Umterstt~ o f  Wisconsin, Madtaon, Wisc 53706 (U S A ) 

(Received June 4th, 1974) 

SUMMARY 

A procedure for the preparat ion from frozen beef heart ml tochondr la  o f  cyto- 
chrome c oxldase (EC 1 9 3 1) o f  high heme (~< 14/xmoles/mg protein) and low 
extraneous copper  (~< l 1 a toms Cu/mole heme) and low lipid (~< 0 05 g phosphoh-  
pld/g protein) content  ~s described EPR signals observed with the enzyme between 6 
and 100 °K at various states of  oxidation and at different conditions o f  pH  and 
presence o f  solutes are described in detail The quantities o f  paramagnetlc  species 
represented by these signals are estimated Under  no conditions does the sum of  the 
EPR detectable species represent more than approx 50 ~o of  the potentially para- 
magnetic components  o f  the enzyme Comparisons are made to the corresponding 
signals as observed m whole tissue, ml tochondrla  and submltochondrml parttcles 
f rom a number  o f  species The assignment o f  the observed signals to known components  
of  cytochrome c oxldase is &scussed briefly 

INTRODUCTION 

This paper is the first in a series of  papers describing the oxidat ion-reduct ion 
behavior o f  the EPR detectable components  o f  cytochrome t oxIdase (EC 1 9 3 l)  
under equilibrium and rapid reaction conditions Since a systematic description o f  the 
EPR signals o f  this enzyme must  precede any reports on changes during oxidat ion-  
reduction, we will in the present publication describe the EPR spectra observed at 
~> 6 °K under a number  o f  conditions with preparations o f  purified cytochrome c 
oxldase and subcellular particles The heme spectra o f  the enzyme are sensitive to a 
number  o f  environmental  conditions, which usually are not  controlled rigorously or  
even reported, such as the presence o f  dissolved gases or other solutes Therefore, an 
unexpectedly large number  o f  different types and sub-types of  EPR signals can be 
observed from what may be only two (copper and cytochrome a) or perhaps at the 
most  three (copper and cytochromes a and a3) components  in cytochrome c oxldase 
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It was then an obwous task of the present work to study the quahtatave and quanti- 
tative relationships between these signals and to sort out the apparently trivial from 
the essential effects 

MATERIALS AND METHODS 

Triton X-114 was obtained from Rohm and Haas, C o ,  (Phdadelphla, Pa ) 
Tween 20, Tween 80, phenazine methosulfate, and cytochrome c (Type V1) from 
Sigma Chemical Co ,  St Louis, Mo Cytochrome c was purified by the procedure of 
Margohash and Walasek [1] N A D H  was purchased from PL Laboratories, Mil- 
waukee, Wlsc Cytochrome c oxldase was purified from beef heart mltochondrla 
The present method was developed with the aim of producing a preparation of high 
heine, low inactive copper and low hpld content, of high actlvlty and low viscosity so 
that concentrated solutions (/> l mM), as required for EPR and Mossbauer spec- 
troscopy and for magnetic susceptlblhty measurements, could be easily and quanti- 
tatively handled In part the method combines procedures previously apphed by Sun 
et al [2] and Yonetam [3] Mltochondrxal paste m 0 25 M sucrose, 0 01 M Trls-HCl, 
pH 7 4, obtained as described [4] was diluted by one half with the same medium and 
either used directly or stored frozen at --20 °C The fresh or frozen paste was diluted 
by one half again with a solution containing 1 mM hlstldlne HCI, 10 mM dlsodmm 
dlhydrogen ethylenedlamlnetetraacetate, and 0 02 M Trls-HCl, pH 7 4 Potassmm 
phosphate may be substituted for Trls-HCl with no change m procedure Following 
dilution, the material was homogemzed in a Warlng Blendor alternating between 
low and high speed, using 30 s bursts on each speed for a total of 150 s The protein 
concentration was determined by the bluret method and additional hlstldlne-EDTA- 
Trls medmm was added, if necessary, to yield a total protein concentration of 40 mg/ 
ml From a 20 o dispersion of Triton X-114 m water, 2 5 mg Triton X-114 per mg 
protein was added and sohd KC1 to give a final concentration of 0 2 M KCI The 
mixture was stirred at 4 °C for 1 h and then centrifuged at 2 °C, either m a Beckman 
30 rotor at 30 000 rev /mm for 100 mln or m a Sorvall GSA rotor at 8 000 rev/mln 
for 10 h The supernatant was &scarded and the pellets resuspended in cold hlstldlne- 
EDTA-Tns  medium, and homogemzed with a glass-teflon homogenizer The volume 
was adjusted with hlstldlne-EDTA-Trls medium to equal the original volume of 
mitochondrlal paste and cold ethanol was added to a final concentration of 10 ~0 
(v/v) The mixture was stirred for 1 h at 4 °C or less The solutmn was then centrifuged 
m a Sorvall GSA rotor at 13 000 rev/man for 1 h at 2 °C The supernatant usually is 
dark yellow and contains a considerable amount of Triton X-114 The pellet was 
resuspended in histidlne-EDTA-Tras medium and homogenized with a glass-teflon 
homogenizer Freezing the material in hquld Nz at thas stage is recommended as it 
appears to help considerably in removing addataonal lipid and Triton from the prepa- 
ration and in effectlng solublhzatlon The protein concentration was determined and 
the homogenate was diluted to 40 mg protein per ml with hlst idlne-EDTA-Tns 
medmm A quantity of a 20 ~o potassium cholate solution was then added sufficient to 
bring the cholate concentration to 1 5 mg per mg protein (NH4)2SO 4 was added to 
10 ° o saturat,on at 4 °C The mixture was stirred 1 5 h at 4 °C and then centrifuged in a 
Sorvall GSA rotor at 13 000 rev/mm for 45 mln The residue was discarded The 
supernatant was brought to 25 9o saturation with respect to (NH4)2SO4, starred 
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15 mln at 4 °C and centrifuged at 13 000 rev/mln for 30 mln The grayish-pink 
residue was again discarded and the solution adjusted to 40 ~ saturation with (NH4) 2- 
SO4 (sometimes It lS necessary to adjust to 48 ~o saturation with (NH4)2SO 4 to 
achieve complete precipitation of cytochrome oxldase) After centrlfugatlon at 13 000 
rev/mln in the Sorvall GSA rotor for 30 rain the pellet was resuspended in Tns -  
EDTA solution (as hlstldlne-EDTA-Tns medmm, omitting hlstldlne) Additional 
cholate and Triton X-114 may be removed by repeating the (NH4)2SO4 fractlonatlons 
between 25 and 39 ° o saturation Excessive fractlonatlon without addition of further 
detergent such as Tween 20, Tween 80, Emasol 1130 or Emasol 4130 may yield an 
insoluble preparation that can be resolublhzed by repeating the step involving potassi- 
um cholate and 10 ° o saturated (NH4)2SO4 In this case further fractlonatlon is 
required to remove the excess cholate added the second time Therefore, we have 
employed only one or two fractlonatlons after the initial fractlonatlon at 40 or 48 °,, 
saturation with (NH4)2SO 4 

This preparation has yielded consistently material containing 13-14 pmoles of 
heine a, 14-15/~moles copper and not more than 50 mg of phosphohptd per g of 
protein At heme a concentrations above 100/~M no additional detergent IS required 
and at lower concentrations of heme a 0 1 }o non-ionic detergent (e g Tween 20) 
will maintain the oxldase soluble The maximal molecular activity of the oxldase 
reactivated with 10o Tween 80 is typically about 11 000 mln -1 [3] 

We also verified the presence or formation of all the observed signals in two 
other preparations, VlZ, that of Fowler et al [5] as modified by McLennan and 
Tzagoloff [6] and that of Caughey and collaborators, which is obtained by a different 
procedure Unless the type of preparation used in a particular experiment is mentioned 
specifically, that described in this paper was used 

FerrImyoglobln was prepared according to Hapner et al [7] and standardized 
using an extinction coefficient of 9 23 mM-~ cm-~ at 503 nm Beef heart mlto- 
chondrla were prepared as described by Blair [4] Mltochondrla from other species 
were prepared by the method of Tyler and Gonze [8] or Chance and Hagihara [9] 
using 0 225 M mannitol, 0 075 M sucrose, 0 2 mM EDTA and 0 05 M Trls at pH 7 4 
as the medium The EPR signals from beef heart mitochondrla prepared in this 
medium had the same shape as those from mltochondna prepared in a sucrose 
medium only Sonlcated particles were obtained and the freeze-clamping of fresh 
tissue was carried out as described [10] Heme was determined by the difference in 
absorbance between reduced and oxidized samples at 604 nm [11], iron and copper 
according to Van De Bogart and Belnert [12] and phosphohpld according to Chen 
et al [13] All values given for concentrations of the enzyme refer to total heine 
concentration, not distinguishing between cytochromes a and aa Values for percent- 
age reduction given in the text or in tables, figures, or legends refer to values calculated 
from the quantity of heme present and the titer determined tor the reductant or 
oxidant used, on the assumption that two electrons are needed per heme for 100 ° o 
reduction 

EPR spectroscopy was carried out with a modified Varlan V4500 instrument 
and the spectra were evaluated as described [10, 14] Integration procedures will be 
discussed under Results and Discussion The microwave frequency was 9 1-9 2 GHz, 
except in the experiment of Fig 13 Shifts of low spin heme resonances of the order 
of  a few gauss were observed between various samples To measure these shifts 
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accurately, a Varlan fieldlal was used, modified so that the sweep range potentlometer 
was optically encoded and digitized The fieldial settings were calibrated from run to 
run with a proton probe The frequency was continuously monitored and the field 
center for each sample was readjusted according to the measured frequency The 
modulation frequency was 8 G except for scans on whole tissue and mltochondrla in 
the low (9--6)  field region and for all spectra at g < 2, when 10-12 G were used 
The scanning rate was 200-400 G min except for Figs 9 and 13, when it was 1000 and 
2500 G mm, respectively The time constant was 0 5 s throughout 

Unless mentioned otherw,se, the FPR spectra were recorded at 13 °K In the 
standard Varlan V-4531 rectangular cavity, which we are using, and at 13 °K satu- 
ration of the copper signal and the low spin heine s,gnal at g = 2  6, 2 2, 1 86 of cyto- 
chrome c oxidase sets in between 0 1 and 0 3 roW, of the low spin heine signal at 
g ~ 3 ,  2 2, 1 5 and the high spin heine signal between 3 and 10 mW We routinely 
used 0 27 mW for recording copper signals and 2 7 mW for heme signals Corrections 
were applied where necessary 

RESULTS AND DISCUSSION 

Copper 
The signal in cytochrome oxldase observed at g -- 2 03 and g = 2 17, and 

generally attributed to copper in the enzyme has been described repeatedly [I 5-20] 
The superimposed signals of low spin hemes at low temperature and of the species 
with broad copper hfs (spacing 184 G), which has been called "inactive copper" [17] 
make a quantitative evaluation of the copper signal difficult The quantity of the 
reactive copper varies widely from preparation to preparation and even more so 
between types of preparations (cf spectra in refs 15, 17-22) This varlablhty supports 
the conclusion that the copper represented by this s~gnal is adventitious Fortunately, 
this species is not reduced by cytochrome e or N A D H  and phenazlne methosulfate 
within the time usually required in tltratlons (5-15 mxn), so that its signal can be 
isolated and used for corrections Accounting for the adventitious copper and mini- 
mizing heme signal Interference b~ working at liquid N z temperature with the lowest 
feasible microwave power, double integrations of the signal, which is thought to 
represent the "endogenous copper" signal of the enzyme, yield values ranging between 
30 and 45 °,,, most frequently 35-40 O/o, of the values found for total heme It is 
preferable to use heme content as the reference since the value for total copper 
depends on the amount of inactive copper present Integrations of the copper signal at 
temperatures between 4 and 150 °K yield, within error, the same percentage of copper 
represented in the signal At higher temperatures the signal of the inactive copper 
predominates 

Low spin heine 
In the oxidized form of the enzyme there is only one major signal m addition 

to the copper signal, the low spin ferric heme signal w~th resonances at g--3,  2 2 and 
1 5 Fig 1 shows the behavior of the g - -3  resonance in an anaerobic titration of  
cytochrome e oxidase with N A D H  and phenazlne methosulfate It is clear that there 
are two species present which have slightly different apparent midpoint potentials 
According to the effects of pH on the low spin heine signal illustrated in Fig 2, these 
species are likely to be different ionic forms of the enzyme The species at pH 5 5 in 
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Fig 1 EPR spectra of  the low spin heme recorded during ntrat lon of  0 75 mM cytochrome c 
oxldase with N A D H  and phenazme methosulfate at pH 7 4 Percent reduction calculated from the 
amount  o f  reductant added, is given m the figure For conditions of  EPR spectroscopy see Matermls 
and Methods The peaks of the two components  are seperated by 25 G 
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F~g 2 EPR spectra o f  the low spin heme of  0 42 mM cytochrome c oxldase at different pH Enzyme 
was delomzed on a column of  the mixed ton exchanger, Rexyn 300 (Fisher Scientific Co ) and the pH 
was then adjusted to 5 5 with acetic acid (A), 7 3 with potass ium phosphate (B), 8 0 w~th Tns-acetate  
(C) and 9 8 with Tns  base (D) 

Fig 2 was obtained m phosphate and m acetate buffer and that at pH 9 8 in Trls and 
m glyclne buffer, mdlcatlng that it is the pH rather than the anions which bring about 
the shifts of the resonance at 9 3 Anion effects may, however, be superimposed 
With glycme, for instance, the signal at g = 3  loses approx 75 O//o of  its intensity, while 
a strong signal at g = 2  6, 2 2 and 1 86 (see below) appears 

An about 30-G shift of the 9 = 3  signal during reducUve titration [23] could be 
traced to the presence of  chloride m the dithtonite-KC! m~xture used as tltrant This 
effect is illustrated in Fig 3 Concentrations of  KCI in the physlologacally occurring 
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F~g 3 EPR spectra of  the low spm heme of 0 1 mM cytochrome c oxldase and ETP in the presence 
of chloride The chloride concentration m ETP Is not known accurately ETP depleted of cytochrome 
c by washing with KCI solution was suspended at 40 mg of protein per ml m 0 25 M sucrose, From 
ETP thus obtained the bottom spectrum was recorded After several washings vHth sucrose the upper 
spectrum labeled ETP was obtained 

Fig 4 EPR spectra of  the low spin heme of cytochrome c ox~dase m whole p~geon heart and p~geon 
heart m~tochondrla For preparations see Materials and Methods The m~tochondna were suspended 
m manmtol-sucrose at 50 mg protein per ml and were aerated before freezing The spectra shown are 
averages of 9 (whole heart) and 4 (mltochondna) spectra, respectively, accumulated by a C-1024 
computer of average transients The lower spectra of  each pair are corrected for the superimposed 
resonance of cytochrome e Since the cytochrome c spectrum appears to be somewhat d~fferent m the 
presence of ox]dase the spectrum used for this correction x~as obtained by subtraction of a spectrum 
of oxldase from that of  oxtdase in the presence of cytochrome c To account for unpredictable shifts 
m g-value (cf Tables I and II) and the unknown intensity of the cytochrome c s~gnal m pamcles or 
t~ssue the height and posmon of the cytochrome ¢ s~gnal were matched to the experimental spectrum 
on the low field side where the g -- 3 s~gnal of cytochrome ox~dase has no intensity The success of  
the correctmn was judged by the appearance of the basehne on both sides of the q -- 3 s~gnal after 
subtraction of the cytochrome c s~gnal 

r a n g e  h a v e  a d i s t i n c t  effect  T h i s  sh i f t  is a l so  o b s e r v e d  w i t h  pa r t i c l e s  ( c f  F ig  3) 

It  w a s  o f  i n t e r e s t ,  a t  w h a t  s t a g e  o f  t i s sue  s a m p l e  p r e p a r a t i o n  s igna l  s h a p e  c h a n g e s  a re  

i n t r o d u c e d  F]g  4 s h o w s  a c o m p a r i s o n  o f  t h e  r e s o n a n c e s  a t  g ~ 3  seen  w i t h  r a p i d l y  

f r o z e n  f r e sh  p i g e o n  h e a r t  a n d  f r o m  m l t o c h o n d r l a  p r e p a r e d  f r o m  p i g e o n  h e a r t  m 

m a n n i t o l - s u c r o s e  m e d m m  [8, 9] B o t h  s i g n a l s  a re  s h o w n  b e f o r e  ( u p p e r  c u r v e  o f  

e a c h  p a i r )  a n d  a f t e r  s u b t r a c t i o n  o f  a s igna l  fo r  c y t o c h r o m e  c I t  is o b v i o u s  t h a t  the  

s i g n a l s  m v w o  d o  n o t  h a v e  t he  s h a p e  o f  t he  s i g n a l s  o b t a m e d  f r o m  ] so l a t e d  m l t o -  

c h o n d n a  T h e  9 - 3  s i g n a l s  m m l t o c h o n d n a  dif fer  d e p e n d i n g  on  m a n y  f a c t o r s  in-  

c l u d i n g  t h e  a m m a l  s o u r c e ,  t he  p r e s e n c e  o f  s u c r o s e ,  c h l o r i d e  a n d  d i s s o l v e d  ga se s .  
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F~g 5 EPR spectra of low spin heme of cytochrome c ox~dase m rat and beef heart m~tochondna 
The con&tJons were and the presentauon ~s as g~ven m F~g 4 

Fig 6 EPR spectra of the ION spin heme of cytochrome c oxldase m the presence of vartous gases, 
as indicated The enzyme, 0 I mM was subjected to several cycles of vacuum and exposure to the 
respectwe gas at atmospheric pressure 

The # z 3  sxgnals of ml tochondr la  isolated in manmtol - sucrose  showed essentially 
two types of shapes the broad asymmetric  signal as found  in beef and  pigeon heart 
m l t o c h o n d n a  and the narrow type as found  m rat heart ml tochondr la  (Fig 5) Heart 
m l t o c h o n d n a  of the rat, rabbit ,  monkey  and  Candtda utths showed similar signal 
shapes 

Fig 6 shows effects of gases on the shape and g-values of the 9 ~ 3  signal 
With the preparat ion described above 02,  N2, CO and Ar produce very similar 
shifts whereas He has httle effect With the modified preparat ion of Fowler et al 
[5, 6], we observed no shift with Ar and CO, but  the effects of N2 and 02 are similar 
to those found with our preparat ton In  order to avoid autoreduct~on in the presence 
of CO, a quant t ty  of ferrlcyanlde stolchlometrlc to the heme concentra t ion  was added 
to the enzymes, when CO was added There is no evidence that  the oxi&zed form of 
the enzyme brads oxygen strongly, however, the association of gases with the enzyme 
may produce some minor  conformat lonal  effects which are communica ted  to the 
heme It is of  interest in thts context that exposure to a~r of the deep frozen, evacuated 
sample does not  change the shape of the resonance to that  observed in the presence 
of air 

There is also a dependence of the shifts of  the resonances on enzyme concen- 
t rat ion This is observed particularly when coupled wtth the effects of the gases At 
approx 1 mM heine concentra t ion  the EPR spectra have the appearance of those of 
evacuated samples 

WRh so many factors affecting shape and width of the signal, measurements of 
peak height are fraught with error Particularly in particle preparatxons, when the 
signal to noise ratio is poor and a cytochrome c s~gnal of u n k n o w n  mtensRy is super- 
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I m p o s e d  on  the  g = 3  signal  o f  the  oxldase ,  the  poss lbd l ty  o f  e r ro r  in the  i n t e r p r e t a t i o n  
o f  changes  in s ignal  he ight  is cons ide r ab l e  

A l t h o u g h  we have  n o t  s tud ied  ion  effects sys temat ica l ly ,  Tab l e  I showing  the  
field pos i t ions  o f  the  l ow spin  h e m e  r e sonances  u n d e r  va r i ous  c o n d i t i o n s  c o n t a i n s  

s o m e  ent r ies  c o n c e r n i n g  cyan ide  and  az lde  N o  effect was o b s e r v e d  wi th  0 1  M 
f luor ide  The  low field r e s o n a n c e  o f  a h e m e  a - c y a n i d e  c o m p l e x  in c y t o c h r o m e  c 

ox ldase  has  been  desc r ibed  by D e r V a r t a m a n  et al [24] Tab l e  II  lists va lues  for  the  
field pos i t ions  o f  peaks  in par t ic le  p r e p a r a t i o n s  and  who le  hear t  

The  changes  m signal  shape  a n d  field pos i t ion ,  wh ich  were  desc r ibed  fo r  the  
low field r e sonance ,  are  ref lected also in the  cen te r  and  h igh  field r e s o n a n c e  o f  the  

l ow spin  h e m e  As  expec ted ,  the  r e s o n a n c e  at  g - - 1  5 shifts in the  d i rec t ion  o p p o s i t e  
to  tha t  at q ~ 3  In  t i t ra t ions ,  the  two  species o b s e r v e d  in the  signal  at  g = 3  (cf  F ig  1 ) 
can  be r e c o g n i z e d  s imi lar ly  in the  r e s o n a n c e  at g 1 5 (F ig  7) and  in the  cen te r  

r e s o n a n c e  a t  g - - 2  2 (F ig  8) As  s h o w n  in F i g  9 j u d g e m e n t s  c o n c e r n m g  the  degree  o f  
r e d u c t i o n  f r o m  the  a m p l i t u d e  o f  the  cen te r  l ine can  be very  mis l ead ing  The  reasons  

for  this a re  tha t  there  m a y  be m o r e  t h a n  one  species, so tha t  the  s ignal  b r o a d e n s  
r a the r  t h a n  increases  in height ,  and  tha t  the  low field p o r t i o n  o f  the  m u c h  m o r e  

TABLE I 

FIELD POSITIONS OF THE LOW AND HIGH FIELD PEAKS OF THE MAJOR LOW SPIN 
FERRIC HEME SIGNAL OF CYTOCHROME c OXIDASE 

Heme concentratzon Additions Gas atmos- Field posalon of peak 
m enzyme phere on g-factor scale at 
(/~ M) Substance Concentration __ 

(mM) Low field High field 

100 Atr, N2 3 028 1 46 
02, CO 

100 Vacuum 3 019 1 47 
100 He 3 019 
100 Ar 3 030 
100 Sucrose 250 Air 3 020 
100 Manmtol 250 Air 3 028 
I00 KC1 1350 Air 2 984 1 50 
75 KCN 9 Air 3 047 
73 NaN3 29 Vacuum 3 037 

sample 80 o~, 
reduced with 
N A D H + P M S  
reoxld~zed with 
ferrJcyanlde 

73 NaN3 29 Vacuum 2 902 
Sample 80 ° o 2 766 (weak) 
reduced w~th 
N A D H + P M S  

476* Air 3 016 
967** Air 3 028 

* Preparatmn according to Fowler et al [5] and McLennan and Tzagoloff [6] 
** Preparation of Caughey 
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T A B L E  11 

F I E L D  P O S I T I O N S  O F  T H E  L O W  F I E L D  P E A K  O F  T H E  M A J O R  L O W  S P I N  F E R R I C  H E M E  

S I G N A L  O F  C Y T O C H R O M E  c O X I D A S E  I N  W H O L E  H E A R T ,  M I T O C H O N D R I A  A N D  E T P  

T y p e  o f  h e a r t  Species  M e & u r n  A d & t t o n s  F ie ld  p o s R l o n  
p r e p a r a t i o n  o n  g - f a c t o r  sca le  

E T P  d e p l e t e d  o f  c y t o c h r o m e  c Bee f  0 25 M K C I  3 006  
s u c r o s e  

E T P  d e p l e t e d  o f  c y t o c h r o m e  c B e e f  0 25 M - -  3 038 
w~th e x t r a  w a s h i n g  s u c r o s e  

M l t o c h o n d n a  Bee f  0 1 M K C I  K C I  3 018 

M R o c h o n d n a  B e e f  0 25 M 
s u c r o s e  - 3 034  

M l t o c h o n d n a  Bee f  0 225 M 
m a n m t o l -  - -  3 035  
0 075  M 
s u c r o s e  

M l t o c h o n d r l a  R a b b i t  m a n m t o l -  - 3 053  
s u c r o s e  

M l t o c h o n d n a  R a t  m a n m t o l -  
s u c r o s e  3 031 

M ~ t o c h o n d r m  G u i n e a  m a n m t o l -  
p ig  s u c r o s e  - -  3 043  

M ~ t o c h o n d n a  P~geon m a n m t o l -  
s u c r o s e  3 040  

W h o l e  Ussue  P i g e o n  - -  3 040  

F ig  7 E P R  s p e c t r a  m the  h i g h  field r e g i o n  (g  ~ 1 9 t o  1 4) o f  OXl&zed ( u p p e r  c u r v e )  a n d  50 o~. 
r e d u c e d  o x l d a s e ,  s h o w i n g  the  h~gh field r e s o n a n c e s  o f  t he  m i n o r  a n d  m a j o r  l o w  sp in  h e m e  c o m p o n e n t s  
a n d  t w o  u n i d e n t i f i e d  s i gna l s  T h e  e n z y m e  w a s  0 75 m M  a n d  m v a c u o  
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intense copper signal is partly supertmposed on the center resonance of  the low spin 
heme It will thus depend on the degree of  reduction of  the copper and any shift o f  the 
g = 2  2 resonance relative to the copper, whether the signal at g ~ 2  2 will be observed 
fully or obscured This xs illustrated in Fig 9 Fig 9A represents a spectrum of  the 
oxidized enzyme in the presence of  air at pH 6 6 The resonance at g 2 2 barely is 
recogmzed When the sample is evacuated, a resonance at g 2 2 representing two 
species appears (Fig 9B) When this sample is 12 % reduced with dlthlonite (Fig 9C), 

i 

B , ~ j -  / ,' 
_ - - -  J \ j j i  / / 

_O 

11 II 
262  2.58 2 2 6  223 

Fig 8 EPR spectra o f c y t o c h r o m e  c oxldase in the center region o f  the field (g - 3 to 2 2) showing 
the low field resonance o f  the minor  low spin heine and the center resonance o f  the major low spin 
heine The experiment was that o f  Fig 1 The degree o f  reduction was A,  0 %, B, 18 4 %, C, 40 ,°o, 
D,  6 0 % , E ,  8 0 % a n d  F, 95% 

f 

A ,~ ill~ll / I  

° I'/, \'7 

Fig 9 Effect o f  pH and state o f  oxidation on the EPR spectra o f  cytochrome c oxidase with special 
reference to the center resonance (,q = 2 2) o f  the major low spin heme The enzyme 0 l m M  was 
delonlzed (cf legend to Fig 2) and the pH was adjusted to either 6 6 ,~lth potassium phosphate or 
to 9 8 with Trls base For reduction dlthlonlte was used A, oxidized pH 6 6, frozen when exposed to 
air, B as A but frozen vchlle evacuated,  C, pH 6 6, 12 ° o reduced frozen as B, D,  pH 9 8, oxidized, 
frozen while evacuated The insert in the center was recorded at one-tenth o f  the amphficatlon used 
tor the rest o f  the spectrum 



328 

the signal at 9 = 2  2, which one would  now expect to be somewhat  smaller,  apparen t ly  
tr iples in size Tha t  reduct ion  & d  indeed take place can be recogmzed from the ap-  
pearance  of  the signal at  g = 6 ,  (cf ref  25) Final ly ,  F ig  9D shows a spec t rum of  the 
same enzyme in the oxidized state m vacuo at  p H  9 8 No te  the large difference m size 
o f  the g ~ 2  2 signal between this sample  and those at p H  6 6 in axr or  m vacuo 

The absolu te  intensi ty o f  the ma jo r  low spin ferric signal of  the enzyme is 
difficult to determine,  as the signal spans over 2000 G F r o m  par t ia l  in tegrat ions  o1 
the low field resonance* we obta ined  values ranging between 30 and 40 ° o o f  the to ta l  
heine present  In ano ther  a p p r o a c h  we in tegra ted  the two majo r  signals o f  the oxi- 
d ized form, v l z ,  the copper  and the low spin heine signal, together  over  the whole 
field f rom g 3 to g ~ l  5 The usefulness of  this a p p r o a c h  mainly  depends  on the 
qual i ty  of  the basehne In these Integrat ions  we found  intensit ies account ing  for  
60-100 ~ o f  what  one would expect  if  one heine and  one copper  out  of  two of  each 
were represented  m the spectra  A n  in tegra t ion  value o f  the copper  signal ob ta ined  
at  a t empera tu re  sufficiently high, so that  there is no interference f rom heme, can 
be subt rac ted  f rom the value of  the combined  in tegrat ion Both approaches  ln&cate  that  
on the average only 30-40°o of  the chemical ly de te rmined  value** for both  the copper  
and  the heine are represented in the EPR spect rum 

A second species o f  low spin ferric heme signal has been observed on par t ia l  
reduct ion  o f  the enzyme [25] This signal occurs at  g = 2  6, 2 2 and  1 86 (cf ref  26) 
Occasmnal ly  a signal with these g-values is seen in apparen t ly  oxidized or resting 
prepara t ions ,  par t icular ly  at  p H  ~ 8 The signal intensi ty in the par t ly  reduced 
enzyme depends  on pH in a similar  manner  As will be discussed below, the signal at 
g 2 6, 2 2 and  1 86 may  represent  a form in equf l lbrmm with the hJgh spin species 
(g± = 6, g ,  ~ 2) which also appears  on par t ia l  reduct ion  and  shows the oppos i te  p H  
dependence  It is shown m Fig  8 or  Table  I that  the signal of  the minor  low spin 
species is split  into two signals as reduct ion proceeds However  in our  exper iments ,  
the low spin species with g = 2  6, 2 2 and  1 86 accounted  for maximal ly  5 oo (pH 7 4) 
to 1 0 ~ / o ( p H 9 )  o f t h e m a l n l o w s p m s p e c l e s ( g = 3 , 2 2 ,  I 5 ) , l e  1 5-4 ° o o f  the to ta l  
heme and therefore,  p robab ly  does not  deserve much a t ten t ion  at  this stage However ,  
m glycme buffer at  p H  9, this signal can account  for  up to 15 °~ o o f  the to ta l  heme 
The field pos i t ions  of  the resonances  of  the minor  low spin heine and of  the center  
resonance  o f  the major  low spin heme are shown in Table  I l I  

In add i t ion  to the signals o f  the oxidized form descr ibed thus far, resonances  
at  g ~  1 694 and  1 785 are also seen in a number  of  p repara t ions  (cf F ig  7) Curiously,  
these resonances have been found  in some samples,  but  not  m others,  derived f rom the 
same original  ba tch  o f  enzyme and to our  knowledge t reated identical ly Auto re -  
duc t lon  of  the enzyme may account  for  this observa t ion  These resonances have only 
been seen as a pmr  at  the same intensi ty rat io  N o  resonances at  lower field possibly  
re la ted to them have been detected I f  these resonances were high field lines o f  low 
spin heme signals, they would account  for more mater ia l  than  the minor  low spin 
species at g ~ 2  6, 2 2 and 1 86 We have seen these resonances m our  own and the 
modif ied Fowler  p repara t ions  but  not  in a single p repa ra t ion  o f  Caughey 

* Unpubhshed procedure of Dr T Vanng~rd 
** With consideration of mact~ve copper as pointed out 
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T A B L E  III 

F I E L D  POSITIONS OF PEAKS OF T H E  M A J O R  A N D  M I N O R  LOW SPIN F E R R I C  H E M E  
S I G N A L S  OF C Y T O C H R O M E  c O X I D A S E  

Heine concent ra t ion  
i n  enzyme* 
(/IM) 

640 
100 
100 
100 

pH Major  low spin heme, peak 
of  center resonance 
on q-factor scale 

7 4  
7 4 2 264, 2 228 
9 3  
9 3  

Minor  low spin heine resonance 
on g-factor  scale at 

Low field High field 

2 594 I 858 

2 608 1 819 
2 580, 2 622 1 841 

* All samples  were OXl&zed, except for the last one which was 42 % reduced with d l thmmte  
All samples were frozen in vacuo 

Htgh spm heme 
In ad&tion to the two dominant signal types of the oxidized form, VlZ, the 

copper and low spin ferric heme signals, there is a third major type of signal observed 
on partial reduction of the enzyme, namely a high spin ferric heme signal, more 
precisely, a number of such signals, dependmg on conditions Resolution of the various 
species reqmres spectroscopy .< 15 °K Fig 10 shows typical spectra observed during 
titration of cytochrome oxldase to 40 }o reduction with N A D H  lp the presence of 
phenazlne methosulfate Table 1V lists the g-values corresponding to the peaks 
exhibited by the various species that are observed After the maximal signal intensity 
is reached, as represented in Fig 10E, the signal merely decreases but no new species 
are seen except for a very small residual signal with g ~ 6 in the reduced form There 
is always a weak signal in the oxidized form (cf Fig 10A) which varies in intensity 
from preparation to preparation and usually represents of the order of approx 1 °,~ 
of  the total heme (see below) This may be due to denatured material or partial 

- - J  9 7  

/ 
- - ~  18 ,4  

~ /  3 0  

_ _ ~  4 0  

6 3 602  

Fig 10 E P R  spectra of  high spin heme recorded dur ing t i t ra t ion of  cytochrome c oxldase The 
exper iment  was that  of  Figs 1 and 8 
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reduction, as most of  this stgnal is ehmmated on ferrlcyanlde addttlon The small 
g ~ 6  signal xs composed of contributions from an axml and a rhomblc species As 
reduction proceeds the signals increase, the splitting of the rhomblc (broad) species 
increases somewhat and a sharper sIgnal emerges in the center, slightly higher m the 
field (see Figs 10D and 10E, and Table IV) However, a number of  other signal types 
at g = 6  have been observed dependent mainly on the reductant or oxidant used (Note 

/ 
A / 

/ 

J 

[3 " 

/ 
j -  

_ J 

f 

f ~  

Fig |1 Different types o f  h~gh spin berne resonances observed with cytochrome c oxidase (A) 
A 0 75-mM enzyme solution was saturated with oxygen and mixed m the freeze quenching apparatus 
with an equal  volume of  10 m M  dl th lomte  solut ion m 20 mM Tns  base The sample was frozen 1 s 
after mixing  (B) 0 1 m M  enzyme was reduced 44,50 with sohd dlthlOnlte in vacuo and frozen after 
5 mm (C) 1 4 m M  enzyme anaerobical ly  reduced with an eqmvalent  amoun t  o f d l t h l o m t e  was mixed 
with an equal  volume of  2 8 m M  K3Fe(CN)6  The sample was frozen after 100 ms 

t 

B A . j  " ' A 

I [I P ~ I r  I 
6/53 6.53 648 6 0 2  588  534  524 5.0 

Ftg 12 Different types of  high spin heine resonances observed with purified cytochrome ¢ oxldase 
and with pigeon heart  m l t o c h o n d n a  (A) 0 77 m M  enzyme was reduced completely with N A D H  and 
phenazme  methosulfa te  in the presence of  CO and then reoxldlzed with fe rncyamde (final concentra-  
t ion 0 2 raM)  (B) Pigeon hear t  m l tochondna ,  50 mg prote in  per ml, were aerated and samples were 
frozen at different umes  Sample C was treated for 10 ram, Sample B for approx  20 mm 
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that partial reduction is necessary for this signal to appear at significant intensity ) 
This is shown In Figs 11 and t2 and in Table IV Fig 11A shows the signal obtained 
with dlthtonIte or cytochrome c as reductant at early times of reaction With dlthlonlte 
this signal then develops into the type seen in Fig 11B and only after minutes a weak 
broad rhomblc signal also appears After seconds with cytochrome c a strong rhomblc 
component develops and the spectrum assumes the appearance of spectra D or E of 
Fig 10 The broad rhombIc species is particularly evident on reoxldatlon of reduced 
cytochrome c oxldase with cytochrome c and even more so with ferrlcyanlde (Fig 
l IC) As previously reported [25] the high spin signal is almost completely abolished 
with cyanide and azlde There is always a weak signal when partly reduced prepa- 
rattons are exposed to CO This ts shown In  F i g  12A The splitting of the rhombtc 
component is stronger in the presence of CO than m its absence (Fig 12A and Table 
IV) so that comparison on the basis of signal amplitude is hazardous According to 
recent work by Wever et al [27] this signal only arises when the reduced sample, in 
the presence of CO, ~s exposed to room hght The ratio of the integrated intensity of 
this signal to the intensity of the q=-6 signal in a sample reduced to the same state, but 
in the absence of CO, was in the range of 1 5 to 1 10 in our experiments 

In particle preparations (ETP and mltochondrm) the rhombtc component of 
the high spm ferric stgnal usually shows a 20 ° o stronger splitting than In the isolated 
eozyme Wtth pigeon heart mitochondria we have observed two rhombic components 
shown in Figs 12B and 12C The corresponding paramagnetlc centers have somewhat 
different apparent m~dpolnt potentials as the species with g 6 and that w~th g = 6  8, 
and 5 3 (outer wings) are present in the more reduced sample (Fig 12B) whereas all 
three species are seen on reoxtdation (Fig 12C) Since the broad rhombic component 
with g = 6  8 and 5 0 (outer wings) has not been seen in purified preparations of cyto- 
chrome c oxldase we are not certain whether this signal originates from cytochrome c 
oxtdase or from another heme protein It is present m fresh heart samples obtained by 

34.SGHz 
J 

/ 

,4 .J~. 

j F'J ~ 

I I I 
(34 61 56 

Fig 13 EPR spectrum of  the high spin heme of  cytochrome c oxldase recorded at 34 5 GHz  
Enzyme, 1 5 raM, was reduced with ascorbate  m the presence o f cy t och rome  c and part ly reoxtdlzed 
with f emcyan lde  16 spectra were accumulated  m the Nlcolet  1020 signal averager and the spectra of  
two such runs were super imposed to produce the spectrum shown The m~crowave power was 30 roW, 
the modula t ion  amphtude  was 6 G and the temperature  13 K 
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freeze clamping In the preceding discussion of the high spin heme signal it has been 
assumed that the broad components (cf Fig I1C) are Indeed due to a rhombic 
sphttlng and not to hfs That this assumption is correct, at least for the species of the 
type of Figs 10D or 11C, was shown by spectroscopy at 35 GHz At this frequency 
the measured g-values of the supposed rbomblc component are sufficiently similar to 
those at 9 GHz (Fig 13) that any origin of the broad components from hyperfine 
interaction is excluded 

The quantitative evaluation of these resonances is, however, particularly diffi- 
cult The principle of our present evaluation was used previously [25] In view of the 
poor resolution obtained ~t 80 "K the signal at g = 6  had been treated as that of a 
single species The low field peak was integrated doubly, the area was compared to 
that of a ferrlmyoglobln standard at pH 6 0 and a correction w~s made for the width 
of the signal, as described [25] In the present work the validity of the use of ferrx- 
myoglobln as standard was tested and account was taken of the rhomblc components 
as will be detailed Since a quantitative comparison of the high spin ferric signals of 
cytochrome c oxldase with that of ferrlmyoglobm would be in error if at the temper- 
ature of our measurements the population of spin states in these species were slgmfi- 
cantly different we have compared the partial double integrals of ferrlmyoglobm with 
those of the forms of the 9- -6  signal as represented in Figs 9B, 10E and I IC at a 
number of temperatures between 6 and 60 °C The results, presented in Table V, 
show that, within the expected error of such determinations, the ratto of the integrals 
at 6 °K is not different from those found at higher temperatures up to 60 CK On the 
basis of these data it appears valid to use ferrlmyoglobm as a standard at 13 "K 

T A B L E  V 

RATIO OF I N T E N S I T Y  OF H I G H  SPIN F E R R I C  H E M E  S I G N A L  OF C Y T O C H R O M E  c 
O X I D A S E  TO T H A T  OF F E R R I M Y O G L O B I N  AT D I F F E R E N T  T E M P E R A T U R E S  

Tempera ture  Intensi ty rdtlO 
( K )  - - - -  - 

S l g n a l t y p e o f  Fig 9B F~g 10E FJg I I C  

6 06 0 81 1 03 0 77 
8 8 0 83 1 05 0 82 

13 2 0 71 I OI 0 74 
25 0 70 1 16 0 65 
60 0 81 I 09 0 70 

In oxidation-reduction with cytochrome c, N A D H  plus phenazlne methosulfate 
and ferrlcyanlde, the most substantial species generally encountered are those of 
Figs 10D, 10E and 11C, vIz,  a broad rhomblc and a relatively narrow, nearly axial 
component The signals of the individual components were obtained by subtracting 
from each other, after suitable scaling, signals containing these two components at 
different ratios The original spectra and the difference spectra (at a different amphfi- 
cation) are shown In Fig 14 Although the two spectra chosen for this subtracuon 
represented 40 and 95 % reduced states from the same tltratJon of cytochrome c 
ox~dase, the spectra of the components apparently d~d not have exactly the same 
shapes even under these closely related conditions This is evident from the extra 
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A 

/ 

J 

B I 

x5 I 

/'1 

o / / , \  

63  6 0  5A 

Fig 14 Difference EPR spectra showing approximations of the low field resonances of the rhomblc 
and axial components of the high spin ferric heine signal at 9 ~ 6 The samples were those of Fig 1 
marked 40 and 95 ~ reduced respectively The signal amphtudes were scaled approximately for 
these subtractions as shown m A and D The difference spectra were amphfied as indicated Spectrum 
C was obtained m a way similar to B from samples ofa &fferent type of preparation (Caughey) The 
dashed hnes m&cate corrections apphed to the spectra for purposes of integration 

hnes appearing in the difference spectra Fig 14C shows an addi t ional  difference 
spectrum obtained from another  set of  signals, showing that here the extra lines are 
present also For  the integrations these lines were ehmlnated as Indicated by the dotted 
lines Table VI shows a compar ison of integrated signal intensities derived from these 
integrations vs signal heights for the axial and  rhombxc components ,  f rom which the 
relative contr ibut ions  of the axial and rhombic  components  can be determined (cf 
Table V[ last co lumn)  

Under  optimal condit ions of development  the signals at 9 ~ 6  taken together 
may account  for as much as 40 ~o of the total heine in any  single sample Al though 
our determinat ions  canno t  be expected to yield absolute values better than  ~ 2 0  0/o, 
the values obta ined fall within reasonable hmlts, considering that  the two other 
components ,  VlZ, low spirt heine and  copper, yield values ranging between 30 and  
50 % of the total heme or copper present 

EPR stynals after denaturatton 
It  had been shown previously that  on dena tu ra t ion  with urea in the presence of 

p-chloromercunphenylsul fonate  (PCMS) most  if not  all of  the copper found in the 
enzyme by chemical analysis can be accounted for in the EP R signal [16] U nde r  



335 

T A B L E  VI 

R A T I O  OF  I N T E N S I T I E S  A N D  P E A K  H E I G H T S  OF A X I A L  A N D  R H O M B I C  C O M P O N E N T S  
OF H I G H  SPIN F E R R I C  H E M E  S I G N A L  OF C Y T O C H R O M E  c O X I D A S E  

Rat io  of  peak Rat io  of  intensity rhombu./axJal  for signal type of  
hmght axial/  - - 
rhomblc* Figs 10D and 10E Fig 12B 

(plus cytochrome c) 
(tuner wings) (outer wings) 

0 5 7 65 8 80 12 5 
0 75 5 10 5 85 8 35 
I 0 3 82  4 4 0  6 25 
1 5 2 55 2 93  4 17 
2 0  1 91 2 2 0  3 12 
2 5 I 53 I 76 2 50 
3 0 1 27 I 47 2 08 
4 0 0 955 I 10 1 56 
5 0 0 765 0 88 1 25 
6 0 0 640 0 73 1 04 
8 0 0 477 0 55 0 78 
I 0 0 382 0 44 0 63 
15 0 255 0 29 0 42 
20 0 191 0 22 0 31 

Cont r ibut ion  of  
rhomblc signal 

Fig 12A to total  inten- 

(plus CO) slty of  type of  
Figs 10D and 

IOE (°o) 

9 6  885  
6 4 84 
4 8 79 
3 2 72 
2 4  655  
I 92 60 5 
I 60  56  
1 20 49 
0 96 43 5 
0 80 39 
0 60 ~2 5 
0 48 27 5 
0 32 20 5 
0 24 16 

* Peak height from 1o,~ field baseline 

these conditions the low spin heme signal broadens and the peak shifts to g = 2  96, 
but the intensity increases only by about  25 ° o The htgh spin ferric signal at g = 6  
Increases and broadens An example of the quantitative relatlonstups between the 
EPR detectable components In a sample of  native and denatured cytochrome c OXl- 
dase, respectively, ts shown m Table VII 

Asstgnment of EPR signals and interpretation 
Only a few comments on the assignment of  the signals wdl be made here, 

namely when these directly relate to material presenled m this paper 

T A B L E  VII  

EPR D E T E C T A B L E  C O M P O N E N T S  IN N A T I V E  VERSUS D E N A T U R E D  C Y T O C H R O M E  c 
O X I D A S E *  

Copper  Heine 

Total  Actwe lnact |ve  Low spin High spin 
(q 3) (q -- 6) 

p M  oo / ~M °o [~M ° o /~ M o /i M ~o 

Undenatured  197 57 5 158 46 39 11 5 174 51 8 2 3 
Denatured  393 115 - 393 115 218 64 21 6 2 

* The heine concent ra tmn ,,~as 342/~M, all percentages are expressed with respect to this figure 
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Low spm jerrtc heme signals According to its kinetic behavior, we have attrib- 
uted the major low spin spemes (#=3 ,  2 2, 1 5) to the component of cytochrome 
c oxldase that shows the properties generally attributed to cytochrome a [25, 28] 
An opposite view has been taken by Wilson and Lelgh [29] These authors, however, 
attributed the low spin signal to the a component, when CO was present One of the 
reasons for this was that the appearance of the center line changed remarkably during 
their experiments so that they assumed the appearance of a "new slgnat" [29] In 
view of the substantial shifts that can occur In the lines of this signal during mam- 
pulatlons as shown above (Figs 2-9) particularly in Fig 9, we doubt whether the 
signal observed by these authors on addmon of CO and adjustment of the oxidation 
state of their preparation was Indeed a new signal and hence whether there is sufficient 
reason to propose that the bulk of the low spin signal at g --3, 2 2, 1 5 represents the 
a component in one situation and the a 3 component in another In their most recent 
publication Lelgh et al [30] do not reiterate or otherwise refer to their previous 
assignment 

Concerning the low spin species with signals at q--2 6, 2 2, 1 86 which we 
consider as a minor component, Tsudzukl and Okunukl [26] have concluded that 
this species and what we call the major low spin species with g = 3 ,  2 2, 1 5 are present 
"m comparable amounts" This is, however, not evident from the EPR spectra 
published by these authors It also appears to us that they did not d~stmgmsh between 
the center line of the major signal, which usually is located between y = 2  23 and 2 26, 
and the center line of the minor signal, which is slightly upfield, namely at g - -2  20 
Thus, m their Fig 2A [26] the signal observed at g = 2  26 is part of the major low 
spm heme signal, whereas m their Fig 2B the line marked 2 26 is obviously part of 
the mmor signal In our opmlon, therefore, the conclusion by Tsudzukl and Okunukl 
that, in the oxidized enzyme, the signals at g = 3  01 and 2 26 represent different hemes 
is Incorrect 

High spmferrtc hem o signal The proper assignment of this signal appears to us 
to be the key to interpretmg the EPR spectroscopic experiments on cytochrome c 
oxidase Originally it had been proposed that the high spin signal at g==6 orlgmates 
from the a 3 component of the enzyme [25] Then, Wdson and Lelgh [29] concluded 
from combined potentlomemc and EPR measurements at lower temperature (~< 20 
°K) that this signal represents cytochrome a In an attempt to reconcile these and 
additional [28, 31] observations, the possibility was suggested [28] that both the low 
spin and the high spin signals seen in the EPR spectra are derived fiom the a compo- 
nent The high spin signal was thought to appear m those functional units in whmh a 
had been reoxidlzed by components of higher potential such as the EPR undetectable 
copper and the a a heme It was, however, not ruled out that some species of the 9 - -6  
signal, e g those appearing in the millisecond (second) range on reduction with cyto- 
chrome c (dlthlonlte) may not represent part of the a 3 component In general, it is 
observed that on reduction the broad rhombic component only develops at longer 
times, past the catalytically significant period The development of the ~,=6 s~gnals is 
also dependent on pH At pH 9 3, 7 5 and 6 08, respectively, at approximately the 
same oxidation state, the signal intensities are at a ratio of t 10 30 At the same 
time the minor low spin component at 9 = 2  6, 2 2, 1 87 develops at high pH, whereas 
this signal is absent at low pH It is thought, for this reason, that these signals may 
represent the same component which changes spin state as a consequence of proton 
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lomzat~ons of the protein However, we do not want to tmply that there ~s a strict 
quantltauve relattonshtp between dtsappearance of htgh spin and appearance of low 
spin signal on ratsmg the pH According to our estimates the low spin s~gnal at high 
pH does not represent the quantity of heme accounted for m the high spin signal at 
low pH We think, therefore, that addmonal (undetectable ~) species participate m 
these eqmhbrla 
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