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SUMMARY 

A new analytical method (two-wavelength/double beam method) for identifi- 
cation of respiratory-chain components in mitochondria was developed using a 
commercially available two-wavelength spectrophotometer. Cancellation of the scat- 
tered light due to the turbidity of the sample and correction of baseline due to the 
errors in the appartus were achieved using an optical a t tenuator  for the reference 
cuvette over a wide range of wavelength (~x) taking ~1 as the reference wavelength. 
Then the same beams were passed through the sample cuvette and the difference 
between the absorbance of the sample and reference cuvettes at ;tx was obtained. 

Difference spectra between reduced and oxidized rat-liver nfitoehondria were 
obtained on a full scale of A o-o.oi  or 0.03 in varying wavelengths of 300-650 nm. 
Using this method the s-bands of cytochrome a ( +  a~), b and c, the Soret bands of 
cytochrome a 3 ( +  a) and b, and the bands of flavoprotein and pyridine nucleotides 
were detected in a quite sensitive manner with reasonable accuracy. 

A discussion is given on the theory and application of this method. 

INTRODUCTION 

Special methods are required for identification of the absorption spectra of 
respiratory-chain components in mitochrondria, since mitochondrial preparations are 
generally very turbid and the optical changes in respiratory components such as 
cytochromes which occur during metabolic changes are extremely small. As pointed 
out by Chance 1, 2, commercially available spectrophotometers are usually not suitable 
for accurate measurement of small absorbance changes. For the cancellation of turbid- 
ity, a constant part  of the transmitted light may be eliminated in either of two ways : 
(a) by a double beam method in which a second light beam of the same wavelength 
passes through a reference euvette containing material of similar absorbance, such as 
filter paper, opal glass s, 4 or reference material (e.g. oxidized mitochondria), or (b) by 
a two-wavelength method (dual-wavelength method) in which a second light beam as 
a reference wavelength (21) passes through the sample cuvette, and a reference cuvette 
is not used. A Split-beam speetrophotometer 2,5-~, essentially based on (a), has been 
used for this purpose '¢~rlpled with an end-on photomultiplier and an electrical device. 
The two-wavelength speetrophotomaterl,2, ~-1° based on (b) has been found to be very 
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sensitive in the kinetic studiesn, 12 on the redox states of respiratory carriers, when 
a pair of wavelengths ( ~  and ~1), suitable for measurment of carriers and for elimi- 
nation of the effect of light scattering, is chosen. However, it has not been possible 
to use this method for scanning a wide range of wavelengths, as is discussed later. 

This paper reports a new method for identification and characterization of 
respiratory-chain components of mitochondria, in which the scattered light due to the 
turbidity of the sample and errors in the apparatus were cancelled out by an optical 
attenuation for reference material at 2x taking ~1 a s  the reference wavelength. Using a 
commercially available two-wavelength spectrophotometer, the difference spectrum 
between the sample and reference cuvettes can be obtained with reasonable accuracy 
at full scale of A o-o.oi  in wavelengths from 3oo-65o nm. 

The method is tentatively named the two-wavelength/double beam method. 

MATERIALS AND METHODS 

Experiments were carried out with a Hitachi-Model 356 Two-Wavelength/ 
Double Beam Spectrophotometer, in which two-wavelength and double beam modes 
are combined in one instrument. The reference cuvette, containing material with the 
same light scattering as the sample (e.g. State 2 mitochondria 11, in which all respi- 
ratory carriers were nearly IOO % oxidized) was inserted into the cell compartment  in 
the two-wavelength mode. The cuvette is in close contact with a head-on photo- 
multiplier, as shown in the diagram of the optical system (Fig. i). Taking h I a s  the 
reference wavelength, the signal due to the reference cuvette at ~x was adjusted to a 
constant point on the recorder paper (usually adjusted to 20 % of the full scale) using 
an optical at tenuator (O1 and 02 in Fig. I). This means that  the light scattered in the 
reference cuvette and optical errors in the apparatus are cancelled out by the same 
device as in the two-wavelength method, as mentioned in the Discussion. Next, the 
sample cuvette (e.g. State 5 mitochondrian, in which all electron carriers were nearly 
IOO °o reduced) was inserted into the same cell compartment  manually and the signal 
due to sample material was recorded on the paper under the same optical conditions 
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Chopper - ] ~  t~_,~.---~... Cell 
O ~ --J.-1- -- .~.compartment 
~I "'--p - " ~ _ ~ 0  multiplier 

M6.- 1 
Fig. i. Optical arrangement in the two-wavelength spectrophotometer used. G 1, G2, gratings; 
M2, collimating mirror; M a, camera mirror; M1-MT_ 2, concave mirrors; O1, 02, attenuators; 
S1, $2, slits; D, deuterium discharge lamp; I, tungsten-iodide lamp. 

Biochim. Biophys, Acta, 267 (1972) 291-299 



SPECTRAL ANALYSIS OF RESPIRATORY-CHAIN COMPONENTS 2 9 3  

used for the reference cuvette. The difference value between the two points was read 
on the recorder paper and this procedure was repeated under the varying wavelengths 
(~x), usually at intervals of 2 nm. By plotting the difference values at 2x a continuous 
spectrum was obtained. 

Sigma Type I I I  cytochrome c from horse heart was used. Rat-liver mitochondria 
were isolated by the method of Hogeboom la as described by Myers and Slater 14. 
Protein was determined by the biuret method as described by Cleland and Slater 15. 
All reactions were carried out in the reaction mixture containing 25 mM Tris-chloride 
buffer, 50 mM sucrose, 5 mM MgC12, 2 mM EDTA and 15 mM KCI. The other compo- 
nents used are indicated in the legends to figures. The final volume of the mixture was 
3 ml and the pH was 7.4- 

The extinction coefficients (ZJEmM) used for determination of respiratory- 
chain components were those reported by Chance 2, and Sato and Hagihara 16, based 
on the absorption differences between the reduced and oxidized carriers in two-wave- 
length pairs.Their values were cytochrome a (+  aa) atAE605-6~o nm = 16.5; cytochrome b 
at AE562-SVSnm = 17.9; cytochrome c ( +  Cl) at ZJEas0-540 nm = 19.o; flavoprotein at 
zJE460-s00 nm = II.O and nicotinamide nucleotides at ZJE340-375  nm = 6.0 mM -1" cm -1. 

RESUI  TS 

First the new method was employed for determination of the reduced form of 
cytochrome c, since an aqueous solution of cytochrome c is transparent. Fig. 2 illustra- 
tes the absorption spectrum of 1.67. lO -7 M reduced cytochrome c taking 650 nm as the 
reference wavelength (21) with a scale range of A o-o.oI. The absorption peak lays 
exactly at 550 nm, and IOI ~L recovery was obtained based on the observed value 
/ I A 5 5 o - 5 4 o n m  ~ 0.0032. Thus this method seems sufficiently accurate and sensitive for 
identification and characterization of the respiratory-chain components in mitochon- 
dria. 

Next the method was tested on a turbid suspension of rat-liver mitochondria 
containing various cytochromes and other hydrogen carriers. Fig. 3 shows the diffe- 
rence spectra between the reduced (State 5) and oxidized (State 2) mitochondria using 
various concentrations of mitochondrial protein in the range from 65o--5oo nm 
(21 = 65o nm) with a scale of A o-o.o3. On addition of o.2, o.I, o.o5 or o.o2 ml of 
mitochondrial suspension in a total volume of 3 ml, the a-bands of cytochrome a 
( +  a3), b and c were observed with great sensitivity. For example, the characteristic 
absorption peaks of cytochrome a ( +  aa) at 605 nm, cytochrome b at 562 nm and 
cytochrome c at 550 nm could be seen in a cuvette containing 0.02 ml of mitochondrial 
suspension (final concentration, 0.44 mg protein per ml). A value z J A 5 5 0 _ 5 4 0 n  m 

0.0036 was obtained for cytochrome c ( +  cl) and this value agreed with the value 
reported ~7 for rat-liver mitochondria. The complicating effect from the turbidity of the 
mitochondrial preparation seems to be completely overcome with this method, since 
a straight line through the origin was obtained for the relationship between the cyto- 
chrome c content (AA 55o-650 nm) and protein concentration over a wide range as shown 
in Fig. 4- 

This method can be used at wavelengths of 3o0--650 nm in the visible region and 
of 200-300 nm in the ultraviolet region (not shown), though it takes rather a long time 
in its present form. The difference spectrum shown in Fig. 5 was obtained under essen- 
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tially the same conditions as in Fig. 3. The Soret bands of cytochrome a a ( +  a) at 
445 nm and of cytochrome b at 430 nm as well as a-bands of cytochromes a ( +  a3), 
b and c can be seen. The bands of reduced form of the flavoprotein at 460 nm, and of 
pyridine nucleotides at approximately 34 ° nm are also seen in this spectrum. From 
this spectrum the amounts of the respiratory components (in ffmoles per g protein) 
were calculated: cytochrome a ( +  aa), o.2I; cytochrome c ( +  q), 0.35; cytochrome b, 
0.20; flavoprotein, 0.66; and nicotinamide nucleotides, 3.4-These values agree well 
those reported previously (cf. ref. 17). 
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Fig. 2. Absorp t ion  s p e c t r u m  of reduced eytochrolne  c. Cuvet tes  of i -c ln  l igh t  p a t h  were used. The 
sample  cuve t t e  con ta ined  1.67 • Io-VM cytochrome c reduced by  approx.  2 mg of Na2S204 in a to ta l  
vo lume  of 3 inl. The reference cuve t t e  conta ined  all the same cons t i tuen t s  except  cy tochrome c. 
Reference wave leng th ,  3,1 -- 650 nln;  band  pass,  I n m ;  full scale. A o o.oi .  

Fig. 3. Difference spec t r a  of cy tochrome componen ts  in Sta te  5 and  S ta te  2 wi th  var ious  concen- 
t r a t ions  of mi tochondr ia .  Sample  cuve t te ,  S ta te  5 mi tochondr ia  induced from Sta te  2-->3->4-->5 by 
add ing  io  mM succ ina te  to S ta te  2 In i tochondr ia ;  reference cuvet te ,  S ta te  2 mi tochondr ia  conta in-  
ing i InM A D P  and io  mM Pi, The concen t ra t ions  of In i tochondr ia  (inl) are ind ica ted  in the  figure. 
2 ffg/inl or ro tenone  were present .  A suspension of 66. 5 mg /ml  of ra t - l iver  mi tochondr ia  was used. 
Reference wave l eng th ,  21 -- 650 nm;  full scale, A o o.03. Other  condi t ions  were as for Fig. 2. 

DISCUSSION 

This paper describes a new type of analytical method for the identification of 
respiratory-chain components in mitochondria. Results clearly showed that the 
influence of light scattering from the sample could be overcome and a fine correction 
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of the baseline could be achieved simply by adjustment of the optical attenuator. In 
this way difference spectra between reduced and oxidized mitochondria were ob- 
tained over a wide range of wavelengths with high sensitivity and reasonable accu- 
racy. 

' ' ' I . . . .  r . . . .  i 

003  

002 
0 
tO 
© 

I 

cO 

001 

O0 5 10 15 

mg Protein / 3  ml 

Fig. 4. Relationship between ~]A550 650 nm and protein content  of mitochondria.  Values were 
taken from the results in Fig. 3. 
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Fig. 5. Difference spect rum between State 5 and State 2 mitochondria  at 3oo-65o rim. Sample 
cuvette,  State 5 mitochondria;  reference cuvette, State 2 mitochondria  induced as described in 
Fig. 3- ]Rat-liver mitochondria,  2.22 mg/ml. Other  conditions were as for Fig. 3- 
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In the two-wavelength method, an optical at tenuator  or a dynode feedback 
loop2, 7-9 is used for elimination of high background at ~2 taking 21 as a reference 
wavelength. Some workers (e.g. refs 18-2o) have used this principle to obtain spectra, 
since the two-wavelength method has a higher sensitivity than other conventional 
methods including the split-beam method. However, scanning over a wide range of 
wavelengths is impossible with this method, because the exact cancellation of light 
scattering and errors in the apparatus can be achieved only at 22. To avoid this 
disadvantage, we have introduced a reference cuvette containing a reference material 
with the same light scattering as the sample. Since the reference cuvette is used in the 
double beam method, we tentatively named the method the two-wavelength/double 
beam method. 

In the two-wavelength method, the output signals through the sample material 
(S 1 at ~.l; $2 at 22) can be adjusted by multiplying S 2 by  a constant (k) with optical or 
electrical device, when ~1 is chosen as a reference wavelength. 

k ' S  2 = S 1 (1)  

The same principle was applied to the reference cuvette (R) under varying wavelengths 
(2x) in the present method. 

k(x).R x = R 1 (2) 

where k(x) represents the attenuation coefficient at 2x. Rx and R 1 may be expressed 
a s ,  

Rx = Ix'Dx'eXp { ( -  ex ' c r ' l )  + Tx} (3) 

R 1 = I 1 "D 1 .exp { ( -  et 'Cr '  l) + T1} (4) 

where Ix and I1 are the energy of the incident light at 2x and 21; Dx and D 1 are 
functions of tile apparatus at 2x and 2~; ex and ez represent the molar extinction 
coefficients at ~x and 21; Cr represents the concentration of component in reference 
material;  l is the thickness of the component layer and Tx or T 1 is the absorbance due 
to turbidity at 2x or 2~. From Eqn 2, the apparent output  signal of the reference 
cuvette (A r) will be given by the following equation, 

R 
Ar = - log ~ ( .  k(x) 

Rx 
l o g  k(x) = - log ~ 

= 0 ( 5 )  

o r  

(6) 

The meaning of Eqn 5 seems to become clearer if we consider the true output signal 
due to the reference cuvette without the optical attenuation where k(x) ~ i. From 
Eqns 3, 4 and 5 the true output signal may be expressed as 

{ 1 - -  l o g  R~  - l o g  - (e~ - ~1) 'c~" l + (T~ - T l )  (7 )  
R~- = 11 -D i 

The first term of the right hand of Eqn 7 was already reported by Honkawa et al. ~1 
as a change in tbe baseline caused by the errors in the apparatus in the absence 
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of the reference or sample cuvette. Since we can set the conditions where the 
signal due to Eqn 7 is zero by multiplying k(x), it is evident that  the scattered light 
through the reference cuvette (Tx -T1)  and the errors in the apparatus as well as 
an absorption of the component before biochemical reaction are cancelled by the 
optical attenuation as indicated in Eqn 5. However, the true signal through the 
reference cuvette could be fixed as a memory in the attenuation curve as expressed in 
Eqn 6 (Curve b in Fig. 6). 

When we insert a sample cuvette having the same turbidity as the reference 
material under the same conditions and where the value of k(x) is derived from the 
reference cuvette by Eqn 5, the output signal through sample cuvette (As) will be 
given as follows 

A s = - log S~" k(x) (8) 

where 

Sx = Ix'Ox'exp { ( -  sx'cs'l) + Tx} (9) 

S 1 = 11.o~.exp { ( -  ~ l ' G ' / )  + T1} (10) 

in which cs represents a concentration of component in sample material. When we 
read the difference value (AA) between the signals due to A s and A r from Eqns 8 and 5 

Sx 
A A  = As - Ar = - l o g ~ . k ( x )  (11) 

Substituting equation (6) for k(x) we obtain, 

Sx.R~ (12) 
A A  = - log SI"Rx 

Since we have chosen the experimental conditions where S 1 = R1, we get, 

SX 
A A  = - log Rx (13) 

From Eqns 3 and 9, 

A A  = G ( c  s - cr)" 1 (14) 

This equation indicates that  the absorbance difference obtained by the present method 
is proportional to the concentration of a component and satisfies Beer's law. Fig. 6 
illustrates schematically the relationships between absorbance and the various 
equations given here.This illustration was supported by experimental results recently 
obtained in our laboratory (S. Muraoka and K. Takahashi, unpublished). For 
example, the relationship between values of the attenuation and signal due to Eqn 6 
was confirmed using cytochrome c as a reference material. When we cancelled out 
signals at 55 ° n m  due to various concentrations of cytochrome c by  the attenuator, we 
obtained a linear relationship between the concentrations of cytochrome c and the 
reading values of the at tenuator scale. When we cancelled out signals due to cyto- 
chrome c under varying wavelengths, we could obtain an attenuation curve having 
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Fig. 6. Schematic representat ion of the two-wavelength/double beam method. Curve a , - - log  
R,dR1, expressed by  E q n  5, when k(x) = i ; Curve b, --  log k(x), in Eqn  6; Curve c, - -  log Sx/S1, 
expressed by Eqn  8 when k(x) = i ; Curve d, --  log (Rx/R1). k(x) = o. expressed by  Eqn  5 ; Curve 
e, --log (Sx/S1) • k(x), in Eqn  8. Full scale: full scale used in the experiment.  

a symmet r ica l  shape with  an absorpt ion  spec t rum of cy tochrome c. In  this w a y  it  
was also demons t r a t ed  t ha t  a change in the  baseline t ha t  appeared  in Eqn  7 was 
re ta ined  as a memory  in i ts a t t enua t ion  curve. 

The value of the  a t t enua t ion  coefficient k(x) has to be I ~ k ( x )  > o  and a value 
of near ly  o was exper imenta l ly  ob ta ined  in the  present  work. This m a y  be the main  
reason why  a ra t io  of Rx to R 1 of more than  Io  7, which is ma in ly  caused b y  the differ- 
ence of l ight sca t ter ing  between Tx and T 1 in the  mi tochondr ia l  suspension, is 
easi ly  cancelled b y  the present  method.  When  we draw an absorpt ion  spec t rum for 
t u rb id  biological  mater ia l ,  a min imal  value of mul t ip ly ing  factors such as k(x) which are 
performed b y  an opt ica l  a t t enua to r  or b y  a dynode  feedback loop di rec t ly  influences 
the  range of wavelengths ,  because of an exponent ia l  increase in the  l ight sca t te r ing  
due to t u r b i d i t y  at  shor ter  wavelengths .  I t  m a y  be noted  t ha t  the  spec t rum shown in 
Fig. 5 was ob ta ined  in a wide range of wavelengths  from 65o nm to 3oo nm under  a 
flat  baseline. 

Since an absorp t ion  spec t rum (Curve e, Fig. 6) is made  under  a flat  basel ine 
(Curve d), the  full scale of absorbance  can be set at  an ex t remely  smaller  range in the  
present  method.  Moreover the  noise level of the ins t rument  used was less than  2. lO -4 
absorbance  uni t  so t ha t  the  full scale m a y  be reduced to less than  A o - o . o i  if a good 
pa i r  of cuvet tes  is used wi th  increased sens i t iv i ty  of the  recorder.  
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T h e  d i s a d v a n t a g e  of t h e  n e w  m e t h o d  in  i t s  p r e s e n t  f o r m  is t h a t  i t  c a n n o t  b e  

u s e d  to  t r a c e  t h e  a b s o r b a n c e  c h a n g e s  in  a f a s t  r e a c t i o n ,  s u c h  as s t e a d y  s t a t e  c h a n g e s  of 

r e s p i r a t o r y - c h a i n  c o m p o n e n t s  in  m i t o c h o n d r i a .  M e c h a n i c a l  i m p r o v e m e n t  of t h e  in -  

s t r u m e n t  is n o w  in  p rogress .  

NOTE ADDED IN PROOF (Received April 4th, 1972 ) 

I n  a p a p e r  w h i c h  a p p e a r e d  a f t e r  s u b m i s s i o n  of t h i s  m a n u s c r i p t ,  W i k s t r 6 m  .2 

u s e d  a s i m i l a r  m e t h o d  for  t h e  i d e n t i f i c a t i o n  of b - t y p e  c y t o c h r o m e s  in r a t - l i v e r  m i t o -  

c h o n d r i a  u s i n g  A m i n c o - C h a n c e  d u a l  w a v e l e n g t h  s p e c t r o p h o t o m e t e r .  A l t h o u g h  t h e r e  

was  n o  d e s c r i p t i o n  on  t h e  t h e o r e t i c a l  b a c k g r o u n d ,  i t  s e e m s  t h a t  h i s  m e t h o d  is e s sen -  

t i a l l y  b a s e d  o n  t h e  s a m e  p r i n c i p l e ,  in  w h i c h  k(x) v a l u e s  we re  o b t a i n e d  w i t h  a n  elec- 

t r i ca l  d e v i c e  i n s t e a d  of a n  o p t i c a l  a t t e n u a t i o n  in  t h e  p r e s e n t  m e t h o d .  
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