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INTRODUCT 1ON 

In  recent  years  there  has  been a growing in teres t  in the  e lec t rophoret ic  analysis  
of h u m a n  hemoglobin.  Since PAULING et al. 1 found tha t  the  mobi l i ty  of sickle-cell  
hemoglobin  differs f rom tha t  of no rma l  hemoglobin,  several  add i t iona l  abnorma l  hemo- 
globins have been found b y  the use of e lec t rophoret ic  techniques 2. 

However ,  these exper iments  were carr ied out  under  s t anda rd  condit ions,  i.e., at  
a t empera tu re  of about  I ° C, a t  o.I  ionic s t rength,  and  at  p H  6.5. Under  such condi t ions  
no rma l  human  hemoglobin  was found to be e lec t rophore t ica l ly  homogeneous.  

On the o ther  hand,  GEIGER 3 found tha t  the  oxyhemoglobin  of var ious  animals  can 
be sepa ra t ed  b y  ca taphores is  in to  two different  fract ions at  25 ° C and  at  p H  about  7, 
in solut ions of 0.02 M sodium phospha te  and in salt-free solutions.  Under  these con- 
dit ions,  he also found two oxyhemoglobins  in some of the  samples  of human  blood. 

MOORE AND REINER 4 found tha t  two fract ions appear  a t  p H  2.5 in the  electro- 
phore t ic  analysis  of the  red-cell  components  of no rma l  human  blood. Small  f ract ions 
accompanying  human  hemoglobin  were found at  p H  8.6, ionic s t rength  o.I  5. I t  has 
been repor ted  6 tha t  in a o.oI M sodium phospha te  solut ion of e ry th rocy te  ex t rac t s  also 
two components  besides oxyhemoglob in  are found in e lec t rophoret ic  analysis.  

Recent ly ,  e lec t rophoret ic  he te rogenei ty  of human  CO-hemoglobin at  p H  6.5, ionic 
s t reng th  o.I  and  2 ° C has been repor ted  b y  DERRIEN AND RAYNAUD 7. 

In the  present  work, mov ing -bounda ry  electrophoresis  was used in a sys temat ic  
inves t iga t ion  of the  role of ionic s t rength,  t empera ture ,  and  different ionic species on 
the e lec t rophore t ic  behav iour  of normal  h u m a n  CO-hemoglobin.  

I t  was found tha t  when the ionic s t rength  of the  solut ion was lowered from tz = o.I  
to 0.005 and the t empe ra tu r e  ra ised f rom about  I o C to 20 ° C, the  CO-hemoglobin ex- 
h ibi ts  progressive e lec t rophoret ic  heterogenei ty .  

E X P E R I M E N T A L  

Preparation o/ stock CO-hemoglobin solution. Red blood cells were separated by centrifugati6n 
from oxalated normal human blood immediately after hypodermic withdrawal. The red cells were 
first washed three times, each with 0.9 % saline solutions and then with 1.2 % NaC1 + o.oo2 5 M A1C13 
solutions according to DRABKIN s. 

Re[erences p. 246. 
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Re/erences p. 246. 

The washed,  packed  ('ells were l~em(,h, zed 1)v 
shak ing  wi th  [. 4 vo lumes  of a ] :o.. t m i x t u r e  o( d is t i l led  
water  aud to luene  alld were left ove rn igh t  a t  a tenlper-  
a ture  of ahou t  4 '  C. The hemoglobin  solut ion was sepa- 
r a t ed  by  cen t r i fuga t ion  a t  high speed in the cold aml 
carbon monox ide  was hubhled  t i m , ugh  it l,w al~(,ut 
3 ° minutes .  The s tock HbCO sohi t ion was s tored a t  
abou t  5 C and was used for eh~ctr(~ph()resis wi th in  
the  fol lowing three  weeks. 

The concen t ra t ion  of the  t lb ( ' ( )  was de te rmined  by 
measur ing  the  opt ica l  dens i ty  a t  ,;. 5374 .\ according 
to  ~CHONBERGER 9. 

l~uffer. Cacodyla te  buffer solut ions  of p i t  6. 5 were 
p repared  a t  the required ionic s t reng th  and then  satu-  
r a t ed  wi th  carbon monoxide.  

Electrophoretic measuremetds. Measured vo lumes  of 
the  s tock  HbCO were d ia lyzed aga ins t  the  buffer in 
ce l lophane  tubes  for ahou t  two days  a t  2 C and were 
then  d i lu ted  wi th  the  buffer to yiehl  0. 5 % HbCO solu- 
tions. The p H  of the  solut ions  was measured  by a Model 
G B e c k m a n n  pH-mete r .  

A Kle t t  E lec t rophores i s  A p p a r a t u s  was used, w i th  
t I ml s t a n d a r d  cells:  the  t e m p e r a t u r e  was kep t  c o n s t a n t  
to wi th in  o . 1  C or less. I . ight  source was a single- 
f i l ament  t u n g s t e n  lamp, anti  I lford F.P.3, fine-grain 
p a n c h r o m a t i c  sheet  fihns were employed  for the  scan- 
n ing  pho tog raphy .  At equal  in te rva l s  du r ing  each ex- 
per iment ,  three pho tog raphs  were t a k e n  of bo th  the 
ascending  and descending  houndar ies .  The scann ing  
p h o t o g r a p h s  were enlarged abou t  tive-fohl and the 
curves  were t raced  cm ini l l i Inetr ic  paper.  

The areas of the different  peaks  were measured  by  
a p l a n i m e t e r  according to SVEDBERO TM, and  the  first- 
m o m e n t  axis  of each peak  was de te rmined  wi th  an 
A m s l e r - l n t e g r a t o r  No. ~. The m o b i l i t y  of each b o u n d a r y  
was ca lcu la ted  from the  ve loci ty  of the first m o m e n t  
and  from the c o n d u c t i v i t y  of the CO-heInoglobin solut ion 
as measured  wi th  an Indus t r i a l  I n s t r u m e n t s  conduc-  
t i v i t y  bridge,  Type  RC-1. 

Descending 

RESULTS 

Ionic strength series 

All the experiments were carried out at 
1.4 ° C, using Na-cacodylate-eacodylic-aeid buffer 
of pH about 6.5, at different ionic strengths. The 
electrophoretic patterns obtained in the range of 
ff : o.I to V :~ o.005 are represented in Fig. I. 
At pH 6.5, all the boundaries giving Schlieren 
peaks moved towards the cathode. Only a tur- 
bidity (not registered by the scanning photo- 
graphs) moved towards the anode. The turbidity 
also made the descending leg less transparent 
than the ascending leg. 

Fig. 1. E lec t rophore t ic  p a t t e r n s  of 0. 5" oc, no rma l  adu l t  
h u m a n  CO-hemoglobin at  1.4 '  C in Na-cacodyla te-caco-  
dylic acid soluti(ms of pH 6. 5 a t  var ious  ionic s t rengths .  



VOL. 18 (1955) ELECTROPHORETIC HOMOGENEITY OF HEMOGLOBIN 243 

14 °C 
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Fig. 2. CO-hemoglobin in ca- 
codyla te  buffer  of p H  6.5, ionic 
strength o.o 15- (Electrophoresis 
at 1.4°C and 12.2 vol ts /cm).  
Scanning photographs taken: 
(a) af ter  8350 sec, and  (b) after 
19522 sec, us ing  a compensator. 
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Fig. 3. Electrophoretic ana- 
lyses at different temperatures 
of 0. 5 % CO-hemoglobin in ca- 
codyla te  buffer  of p H  6. 5, ionic 

strength o.I. ---~ 
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Re/erences p. 246. 
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At ionic strength of o.I, one moving boundary 
was recorded in both the descending and ascending 
sides. At /z ~ 0.05, however, the electrophoretic 
pattern shows heterogeneity, the ascending and 
descending sides each showing two peaks. At an 
ionic strength of 0.03 the ascending side already 
shows three distinct peaks, although in the descen- 
ding pattern the three peaks are somewhat over- 
lapping. 

As the ionic strength is lowered to 0.o2, o.oi5 
and o.oi,  the three boundaries in each side become 
more distinct. 

At /~ = o.o05, four peaks become apparent 
in both patterns. After prolonged electrophoresis, 

Fig. 4. Electrophoresis  of 0 .5% CO-hemoglobin in Li- 
cacodylate-cacodylic acid buffer  of p H  6. 5, at different 

ionic strengths. 
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the four components separated at ionic strengths of o.ol 5 and o.oi also. This is illustratc'~l 
in Fig. 2. 

E//ecls o/tempera/.urc 

o.5% HbCO in Na-cacodylate cacodylic-acid of o.1 ionic strength, was analyzt 'd 
electrophoretically at temperatures ranging from ,.4--I0.I '  ('. 

The electrophoretic patterns becoine more complex as the temperature is raised. 
(see Fig. 3). 

Replacement o~ Na by Li-ions 

Electrophoretic experinaents were carried out with Li-cacodvlate, cacodylic-acid 
buffer at pH 6.5 and at ionic strength o.oo5 o.~ (see Fig. 4). The results paralM those 
obtained with Na-cacodylate buffer, as shown in Fig. I. Though here again there is an 
increase in the number of electrophoretic components as the ionic strength is lowered. 
there are significant differences: 

r. the mobilities of the CO-hemoglobin components are smaller in the presence of 
Li-ions. 

2. the progressive separation into two, three, and four peaks is achieved at somewhat 
lower ionic strengths than with Na. 

DISCUSSION 

The appearance of several peaks in the electrophoretic patterns at tile lower ionic 
strengths of o.o3 to o.oo5 and at the higher temperatures of z ° C to I0.I  ° C indicates 
that  normal CO-hemoglobin is heterogeneous under these conditions. 

All the experiments were carried out at currents which produced well below o.i 
watts of heat per ml in the electrophoretic cell. Thus no disturbances from thermal 
convection weie likely to occur. Nevertheless, to check possible slight heat disturbances, 
several experiments were carried out at extremely low currents (giving less than o.ooz 
watts per ml) and these yielded patterns identical with those reported above. 

Changing the field intensity several fold did not affect the number of peaks ob- 
tained, but only their sharpness. The possibility of false moving-boundaries is excluded 
since the system consisted of only two ionic species besides the protein. 

I t  may be assumed that  the separation of the electrophoretic components at low 
ionic strengths and high temperatures is due to the dissociation of the hemoglobin 
complex into several units. 

Thus, the effect observed when temperatures were raised could result from the 
dissociation of certain loose bonds (e.g., hydrogen bonds) which link the various com- 
ponents in the hemoglobin complex. 

I t  is possible that  the components are held together by different types of bonds. 
Thus the dissociation may be progressive, different components being freed at different 
temperatures.  This speculation is supported by the finding that  the solubility-dependence 
of HbCO on ionic strength differs at low and high temperatures: JOPE AND O'BRIEN 11 
have reported tha t  the variation in solubility with ionic strength for HbCO in phosphate 
troffer at pH 6.7 is linear (at o ° C) and is represented by Cohn's equation. This suggests 
that  at o ° C only one component is present in HbCO from human adult blood. At 24: ('. 
however, it has been found 1~ that  the solubility vs. ionic-strength curve shows four 

l?e.tereuces p. -'4 6. 
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discontinuities, indicating four different hemoglobins. The present work shows that  
these different components can be separated in electrophoresis carried out at high 
temperatures. 

To check if this dissociation is reversible, electrophoretic experiments were carried 
out at 20 ° C, with a hemoglobin solution which had previously been kept at about I ° C 
for a few days. In another experiment at 1.4 ° C a hemoglobin solution which had been 
kept for about 12 hours at 20 ° C was used. 

The electrophoretic patterns obtained were characteristic of the temperature at 
which the electrophoresis was carried out, and no influence of the prior temperature- 
conditioning of the hemoglobin could be detected. This shows that  the temperature 
effect is reversible and that  equilibrium is achieved within a few hours or less. 

The ionic-strength effect may be explained as follows. Since all the components 
observed electrophoretically have the same sign of charge at pH 6.5, lowering the ionic 
strength decreases the ionic screening of each component. Thus, the Coulomb repulsive 
forces between them increase and the dissociation of the hemoglobin-complex into its 
more elementary parts  is facilitated. 

This hypothesis may well explain GEIGER'S finding 3 that  the cataphoretic separation 
of oxy-hemoglobin into two fractions was increased when salt was removed by electro- 
dialysis. 

LAMM AND POLSON 13 found that  dissociation of HbCO is also indicated by changes 
in the diffusion constant obtained by changing the salt concentration or by diluting 
the hemoglobin at constant ionic strength. 

Electrophoretic analysis of hemoglobin at concentrations of 0. 5 % to 2.5 %, carried 
out at an ionic strength of o.oi, did not show any clear cut difference. The separation 
of the peaks, however, is not sufficient to provide accurate analysis of small changes 
in the relative concentrations of the various components. 

The fact that  there is less separation in solutions containing Li than in those con- 
taining Na, and that  the mobility of hemoglobin is less in the former, may be explained 
by the assumption that  Li ions are less adsorbable than Na-ions. The effective charge 
of the hemoglobin would be smaller, its mobility lower, and the repulsive forces effective 
in hemoglobin dissociation would become less. 

The hypothesis that hemoglobin dissociates when the ionic strength of the solution 
is lowered agrees with the hypothesis on the oxygen equilibrium of hemoglobin, sug- 
gested by BARCROFT and others 14. 

Further work on the electrophoretic separation and isolation of the different 
hemoglobin components is in progress. 
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SUMMARY 

Normal  adult  h u m a n  CO:hemoglobin was investigated by  moving-boundary  electrophoresis at 
p H  6. 5. I t  was found tha t  upon lowering of the ionic s t rength  from o.~ to o.o05, the electrophoretic 
pa t te rns  exhibit  an increasing number  of hemoglobin components .  Raising the tempera ture  from 
1.5 ° C to 2o ° C also shows increasing heterogeneity. These observat ions  are explained by the possible 
dissociation of the hemoglobin complex into several different e lementary units, 

Re{erences p. 246. 
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RI~SUMf: 

La CO-hdmoglobine adulte humaine nornmle a dtd soumise "t l 'dlectrophorbse de frontibre mobile 
p H  6. 5. En abaissant  la force ionique tie o.I it o.oo 5, les diagrammes d'dlectrophorbse prdsentent  

un nombre  croissant de const i tuants  de l'hdnloghflfine, i;ne dldvation de la tempdrature  de '.5 
5, 2 o  C met  dgalement en dvidence une h6t~rogdnditd croissante. Ces observat ions s 'expl iquent  peut-  
6tre par  la dissociation d 'un  complexe de l'hdmoglol)ine en plusieurs unitds ('h"mentaires ditfdrentes. 

Z[;SAMMENFASSITNG 

Normales CO-Hemoglobin des erwachsenen Menschen wurde durch Elektrophorese nlit beweg- 
lichen GrenzflS.chen bei einem p H - W e r t  von 6.5 untersucht .  Es wurde festgestellt, class die elektro- 
phoret ischen Diagranlme bei Herabse tzung der Ionenst/ irke von o.I bis o.oo 5 eine wachsende Anzahl 
von HemogIobinkomponenten  offenbaren. Durch Steigerungen der Tempera tu r  yon L5': C bis -'o ~ C 
wurde gleichfalls eine wachsende Heterogenit~it verursacht .  Diese Beobachtungen k6nnen dutch (lie 
M6glichkeit der Dissoziation des Hemoglobinkomplexes  in mehrere verschiedene Elementareinhei ten 
erklS~rt werden. 
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