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T h e  Relat ive  Effect of 2 , 3 - D i p h o s p h o g l y c e r a t e  on  
in Whole  B l o o d  

A n u m b e r  of organic phospha t e s  p resen t  in the  red 
blood cell (RBC) and  par t icu lar ly  2, 3-d iphosphoglycera te  
(DPG) are capable  of b ind ing  to reduced hemoglobin  
(lib),  thus  decreasing its a f f in i ty  for oxygen (O2)1,2. In  
v i t ro  expe r imen t s  wi th  hemoglobin  solut ions have  shown 
t h a t  the  af f in i ty  of D P G  for fetal  hemoglobin  (HbF) is 
cons iderably  less t h a n  for adul t  hemoglob in  (HbA)a. As 
a result ,  the  effect  of D P G  on the  O~ aff in i ty  of H b F  is 
s ignif icant ly  smaller  t h a n  on HbA.  Using solut ions of 
pure  H b F  and HbA,  TYUMA and SHIMIZU ~ and BUNN and 
BRIEHL 5 d e m o n s t r a t e d  t h a t  t he  effect  of D P G  on the  O 2 
af f in i ty  of H b F  is app rox ima te ly  40% of t h a t  of HbA.  
The smaller  effect  of D P G  on the  O~ aff in i ty  of H b F  (as 
compared  to  HbA) has  also been  conf i rmed in whole  
blood a, 7 and provides  a logical exp lana t ion  for the  h igher  
O 2 af f in i ty  of fetal  blood when  compared  wi th  adul t  blood. 

On the  basis of these  f indings,  one would expec t  t h a t  
the  O~ aff in i ty  of blood conta in ing  s ignif icant  levels of 
H b F  shouId be re la ted  to  the  re la t ive  prop6r t ions  of H b F  
and  H b A  and  to  the  level of DPG.  

Previous  a t t e m p t s  to correlate  the  O2 af f in i ty  of cord 
blood wi th  t he  level of H b F  have  resul ted  in confl ict ing 
resultsS, 9. However ,  these  exper imen t s  were pe r fo rmed  
at  a t ime  when  the  role p layed  by  D P G  was no t  known.  
More recen t  evidence indicates  t h a t  the  oxygen af f in i ty  
of blood f rom h u m a n  infants  is re la ted to  the  concent ra-  
t ion of H b A  and  to the  level of D P G  1~ 

The p resen t  inves t iga t ion  was unde r t aken  in order  to 
define the  relat ive effect  of D P G  on the  O 2 aff ini ty  of 
H b F  and  H b A  ill the  in tac t  RBC - bo th  in vi t ro  and in 
v i v o .  

Two groups of expe r imen t s  were performed.  In  the  f i rs t  
group of expe r imen t s  venous  blood f rom 4 normal,  non- 
smoking adul ts  and cord blood f rom 6 normal  infan ts  of 
d i f ferent  ges ta t ional  ages were collected in heparin.  O~ 
affinity,  hema toc r i t  (Hc t%) ,  hemoglobin  (Hb g/100 ml), 
fetal  hemoglobin  ( H b F % )  and red cell D P G  (nmoles/ml 
RBC) were measured  on each sample  of blood immed ia t e ly  
af ter  collection. P a r t  of the  blood was then  left  a t  amb i en t  
t empera tu re  for up to  24 h in order  to  produce  a fall in 
DPG,  and  the  measu remen t s  were repea ted  at  Various 

the  O x y g e n  Aff ini ty  of Fetal  and  Adul t  H e m o g l o b i n  

in tervals  of t ime.  A to ta l  of 27 de te rmina t ions  was per- 
fo rmed on the  10 samples  of blood. 

In  the  second set  of exper iments ,  O~ affini ty,  Hct ,  Hb,  
H b F  and  D P G  were measured  on venous  b lood f rom 25 
normal ,  non-smoking  adul ts  and  on cord blood f rom 40 
normal  infants .  I n f an t s  wi th  widely  d i f ferent  ges ta t ional  
ages (28 to  43 weeks) were purpose ly  included in t he  s tudy  
in order  to  ob ta in  bloods  wi th  d i f ferent  concen t ra t ions  of 
H b F  (59-99%). 

Blood O e af f in i ty  was de te rmined  in dupl ica te  by  the  
'mix ing  t echn ique '  descr ibed by  EDWARDS and  MARTIN 11 
and was expressed  as P 50, i.e. the  PO 2 a t  O n sa tu ra t ion  = 
50%, p H  = 7.40 and  t e m p e r a t u r e  = 37~ The pH,  PO 2 
and  PCO 2 of blood 50% sa tu ra t ed  wi th  O 2, were mea-  
sured in dupl ica te  a t  37 ~ wi th  an I .L.  p H / g as  analyzer  
Model 113. The P50  was t h e n  correc ted  to p H  ~ 7.40 
using the  factor  of SEVERINGHAUS 12. B y  th is  method ,  the  
average difference be tween  2 consecut ive  de te rmina t ions  
of P 5 0  on tile same blood was 0.3 • 0.2 m m  Hg. 

H c t  was measured  in quadrup l i ca te  using Clay Adams  
mic ro -hema toc r i t  tubes,  and  to ta l  H b  was measured  in 
dupl ica te  b y  the  c y a n m e t h e m o g l o b i n  me thod .  H b F  was 
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Fig. 1. Values of P50 and of the function DPG x [HbA + fl/c( HbF] in 
adult (�9 and fetal (O) blood stored at room temperature for various 
periods of time. Regression equation: P50 = 0.00220 • DPG • [HbA 
+ 0.4 HbF] + 15.69. n = 27; r = 0.955; p < 0.001. 
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Fig. 2. Values of P50 and of the function DPG • [HbA + fl/c~ HbF] in 
fresh adult (O) and fetal (+) blood. Regression equation: P50 = 
0.00235•215 + 0.4 HbF] + 15.24. n = 65; r = 0.931; 
p ~ o.ooi. 
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d e t e r m i n e d  in dup l i ca t e  b y  t h e  t e c h n i q u e  descr ibed b y  
BRINICMAN and  J o ~ x l s  xS. T he  m e a s u r e m e n t s  of D P G  
were pe r fo rmed  us ing  t he  e n z y m a t i c  m e t h o d  of TowNE 
et  a114. 

Fo r  t he  ana lys i s  of t h e  resul ts ,  i t  was  a s s um ed  t h a t  t he  
O3 a f f in i ty  of whole  b lood  depends  on t he  level  of DPG,  
on  t h e  r e l a t ive  p ropo r t i ons  of H b A  a n d  H b F  and  on  t he  
re la t ive  effect  of D P G  on t he  O 2 a f f in i ty  of H b A  and  H b F .  
The  re l a t ion  a m o n g  these  va r i ab le s  can  t h e n  be expressed  
b y  t he  fol lowing e q u a t i o n :  

P50 : m X [(~ X DPG X HbA) + (fl x DPG X HbF)] + c (1) 

where  e and /~  r ep re sen t  t he  r e l a t ive  effect  of D P G  on t he  
P 5 0  of H B A  a n d  H b F ,  respec t ive ly ;  P 5 0  is expressed  in 
m m  Hg, D P G  in n m o l e s / m l  R B C  and  H b A  a n d  I t b F  as 
pe r cen t  of t o t a l  H b ;  m a n d  c are  a r b i t r a r y  fac tors  re- 
p r e s e n t i n g  t h e . s l o p e  a n d  t he  i n t e r c e p t  of t he  regress ion  
line. 

E q u a t i o n  No. 1 can  also be  w r i t t e n  as follows: 

P50 : m •  X DPG [HbA + fl/~. HbF] + c (2) 

where  t he  t he  r a t io  fl/ot r ep resen t s  t he  effect  of D P G  on 
t he  P 5 0  of H b F  in r e l a t i on  to t he  effect  of D P G  on t h e  
P 5 0  of H b A .  

Regress ion  equa t i ons  were ca lcu la ted  for  d i f fe ren t  
va lues  of fi/ct (0.1 to  1.0), for each  group  of expe r imen t s .  
The  equa t i ons  w i t h  t h e  bes t  fit, as j udged  b y  t he  correla-  
t i on  coefficients,  were used to  express  t he  resul t s  and  are 
shown  in F igures  1 an d  2. 

The  resu l t s  in  t he  two groups  of e x p e r i m e n t s  were v e r y  
s imilar .  The re  were no  s ign i f ican t  differences  be tween  t he  
slopes or t he  i n t e r c e p t s  of t he  two equa t ions  a n d  in b o t h  
cases t he  be s t  cor re la t ion  was o b t a i n e d  w i t h  a va lue  of 
fl/o~ ~ 0.4. This  suggests  t h a t  in  whole  blood,  b o t h  in v i t ro  
as well  as in  vivo,  t h e  effect  of D P G  on t he  P 5 0  of H b F  
is 40% of t h a t  of H b A .  Th i s  va lue  is in  exce l len t  agree- 
m e n t  w i t h  those  found  b y  p rev ious  inves t iga to r s  us ing  
h e m o g l o b i n  so lu t ions  4, 5,15 

Riassunto. E x p e r i m e n t i  c o n d o t t i  sul sangue  in te ro  di 
i nd iv idu i  n e o n a t i  e a d u l t i  h a n n o  d i m o s t r a t o  che l 'aff ini tX 
del sangue  pe r  l 'ossigeno (P50) d ipende  da l la  concen t ra -  
zione i n t r a e r i t r o c i t a r i a  di 2 ,3-difosfogl icerato  (Dt?G) e 
dal le  p roporz ion i  r e l a t ive  di emog lob ina  a d u l t a  (HbA) e 
Ie ta le  (HbF) .  I r i su l t a t i  o t t e n u t i  i nd icano  che nel  sangue  
in t o to  l ' e f fe t to  del D P G  sul la  P 5 0  del la  I-IbF ~ circa il 
40% di quel lo sul la  P 5 0  del ia  H b A .  
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Intrace l lu lar  pH of Red Cells  S tored  in Acid  Citrate  

The  i m p o r t a n c e  of h y d r o g e n  ion c e n c e n t r a t i o n  d u r i n g  
t he  s torage  of red  cells ha s  been  n o t e d  a n d  a c t u a l l y  t he  
con t ro l l ed  lower ing  of p H  b y  c i t r a t e  buf fe r  was  t h e  m a j o r  
i m p r o v e m e n t  in  b lood  p re se rva t ion .  More recent ly ,  t he  
levels of A T P  a n d  2, 3 -d iphosphoglycera te ,  w h i c h  p l a y  an  
i m p o r t a n t  role in  t h e  ceils, h a v e  been  s h o w n  to be  g rea t ly  
af fec ted  b y  t he  p H  of t h e  s to rage  med ium1 ,  2. A l t h o u g h  
t h e r e  h a v e  been  severa l  r epo r t s  on  t h e  pt-I change  d u r i n g  
s torage,  t he  m e a s u r e m e n t s  were done  a t  37~ e and  t h e  
d a t a  o b t a i n e d  were ex t race l lu la r  p H  (pile).  I t  seems more  
i n t e r e s t i n g  to  k n o w  t he  in t r ace l Iu la r  p H  (pHi) of red  
cells if we a i m  to  i m p r o v e  s torage  condi t ions ,  especia l ly  
so in r e l a t i o n  to  t he  s t a b i l i t y  of i n t r ace l lu l a r  enzym es  or 
m e t a b o l i c  i n t e r m e d i a t e s  d u r i n g  s torage.  Moreover ,  t h e  p H  
a t  t h e  t e m p e r a t u r e  of s torage,  i.e. a t  4~ m a y  h a v e  more  
m e a n i n g  for t h i s  end  t h a n  t he  p H  a t  b o d y  t e m p e r a t u r e .  
The  p r e sen t  i n v e s t i g a t i o n  is on  t he  changes  of t h e  p i l e  
a n d  t h e  p H i  a t  4~ of ACD blood  d u r i n g  s torage.  

Methods. The  p h i  was  m e a s u r e d  b y  us ing  5 ,5 -d ime thy l  
oxazol id ine-2 ,4-d ione  (DMO) essent ia l ly  accord ing  to  t he  
m e t h o d  of CALV~Y 3. To 100 ml  of acid c i t r a t e  dex t rose  
(ACD) b lood  in a s to rage  bot t le ,  a b o u t  4 ~xCi of 2-C 14 
DMO (New E n g l a n d  Nucl.  Corp.,  spec. act .  10.1 m C i / m M )  
was a d d e d  w i t h  a syr inge  a n d  t he  b lood  was p r e se rved  a t  
4~ E v e r y  2 or 3 days,  a n  a l i quo t  of t he  sample  ( abou t  5 
5 ml) was  t a k e n  ou t  b y  a syr inge  and  used for  t he  assay.  
The  p H  of t h e  suspens ion  (pile) was m e a s u r e d  b y  a 
H i t a c h i - H o r i b a  e x p a n d e d  scale p H - m e t e r  F-5 a t  4~ 
The  samples  were  t a k e n  ou t  before  a n d  a f t e r  cen t r i -  
fuga t ion  (5,000 r p m  for  10 m i n  in  a re f r ige ra ted  cen t r i -  
fuge), us ing  a p r e c a l i b r a t e d  m i c r o p i p e t t e  (99.8 ~.1). DMO 
was e x t r a c t e d  f rom each  sample  a n d  m e a s u r e d  b y  a 
l iquid  sc in t i l l a t ion  spec t romete r .  The  w a t e r  c o n t e n t  of 
t h e  suspens ion  was m e a s u r e d  b y  d r y i n g  t h e  s ample  in a 
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ho t  air  oven  a t  110 • 10~ for 24 h. The  c o n t e n t  of 
ex t race l lu la r  w a t e r  in  p a c k e d  cells was  m e a s u r e d  b y  
C14-inulin for a n o t h e r  b a t c h  of ACD blood  a n d  found  to  
be  2 to  4 %  of p a c k e d  cell vo lume,  w h i c h  showed  no 
apprec iab le  change  d u r i n g  s torage  and  c o n t r i b u t e d  to t he  
ca lcu la t ion  of p h i  to  a negl ig ible  ex ten t .  The  p h i  was 
ca lcu la ted  accord ing  to  t he  e q u a t i o n  der ived  b y  IRVlN:E 
et al.~, except that the measured value at 4~ of pK' = 
6.52 was used for DMO. 

Results and discussion. Typ ica l  data of ACD blood  
s tored  for  1 m o n t h  are shown  in t he  Table .  The  p H i  
decreased  as t h e  p i l e  of t h e  b lood  decreased  d u r i n g  t h e  
s torage.  The  p H i  was a lways  h ighe r  t h a n  t he  p i l e  a n d  
t he  decrease  of t h e  p h i  d u r i n g  t h e  s to rage  was  s lower  
t h a n  t h a t  of t he  pi le .  The  p i l e  of ACD blood shown  here  
is app rec i ab ly  h ighe r  t h a n  t h a t  r epo r t ed  b y  o t h e r  workers  ~ 
because  of t h e  m e a s u r e m e n t  a t  4~ The  h i g h e r  v a l u e  of 
t h e  p H  a t  4~ can  be  exp la ined  b y  big  n e g a t i v e  t e m p e -  
r a t u r e  coeff ic ient  ( d p H / A t )  of p r o t e i n  so lu t ion  as a buf fe r  
sys tem.  Fo r  example ,  t he  p H  of 2-day-old  ACD blood  
was 7.37 a t  4~ a n d  6.92 a t  37~ The  p H  of ACD p l a s m a  
was af fec ted  b y  t e m p e r a t u r e  to  lesser e x t e n t  t h a n  t h a t  
of t he  suspens ion ,  e.g. 7.35 a t  4~ a n d  7.08 a t  37~ 
i n d i c a t i n g  t h a t  t he  p H i  is a f fec ted  b y  t e m p e r a t u r e  
change  more  t h a n  t he  pi le .  

I t  h a s  been  k n o w n  t h a t  t he  pH~ of red  cells is lower 
t h a n  t he  p i l e  of f resh b lood or t h e  cells suspended  in 
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