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K i n e t i c s  of the  R e a c t i o n  of the  S u l p h y d r y l  G r o u p s  of  H u m a n  H e m o g l o b i n  and  G l o b i n  
w i t h  p - M e r c u r i b e n z o a t e  in  A l k a l i n e  S o l u t i o n  

The dissociat ion of hemoglobin  in alkaline solut ion has  
been  the  sub jec t  of re la t ively  few inves t iga t ions  1,2. 
HASSERODT and  u r epo r t ed  the  reversible  disso- 
ciat ion of h u m a n  ca rbonmonoxyhemog lob in  in to  dimers  
in glycine-glycinate-NaC1 buffer  which  began  a t  p H  10 
and  was  comple te  a t  p H  11 unaccompan ied  by  dena tu ra -  
t ion  2. D e n a t u r a t i o n  occurs above p H  11 and has  been  
s tudied  by  o ther  inves t iga tors  3. An in te res t ing  two-s tep  
process in the  dissociat ion of horse hemoglobin  a t  alkaline 
p H  has been  repor ted  4. 

To provide  ins ight  into th is  d issocia t ion process  in 
alkaline solut ion and  to  exptore  fu r ther  t he  compar i son  
be tween  hemoglob in  and  globin under  var ious  condi t ions  
we have  inves t iga ted  the  kinet ics  of t he  reac t ion  of t he  
masked  su lphydry l  groups  of hemoglobin  and  globin wi th  
p -mercu r ibenzoa te  (PMB) in glycine-glycinate  buffer,  
p H  10.5. In  add i t ion  s t a rch  gel e lect rophoresis  s tudies  
were carried out  to  de te rmine  whe the r  the  reac t ion  wi th  
P M B  being followed spec t ropho tomet r i ca l ly  was paral leled 
by  dissocia t ion into e- and  fl-chains. 

Materials  and methods. H u m a n  hemoglob in  was 
p repa red  by  the  a m m o n i m n  su lpha te  m e t h o d  s and, 
af ter  dialysis  agains t  dist i l led water ,  was deionized by  
passage t h r o u g h  ion-exchange  resin AG 501-X8 (D) 
(Bio-Rad Laborator ies ,  R ichmond ,  California). The 
h u m a n  globin was p repa red  f rom hemoglob in  according to  
the  m e t h o d  of ROSsI-FANELLI, ANTONINI and CAPUTO 6. 
The  p ro te in  concen t ra t ions  of the  final  p roduc t s  were  
calcula ted on the  basis of the  ex t inc t ion  coefficients 

E 1% = 8.0 a t  280 n m  for globin ( te t ramer)  and  E 1% = 
1 cm 1 cm 

8.5 at 541 nm for oxyhemoglobin (tetramer). 
Ferrihemoglobin was prepared from oxyhemoglobin by 

addition of stoichiometric amounts of K 3 Fe(CN)J and 
dialyzed in the cold against distilled water for 44 h. The 
concentration was calculated from E = 9.5 x i0 a (heine) 
at 500 nm. PMB was obtained from L. Light and Com- 
pany, Colnbrook, England, and used without further 
purification. The solutions were prepared by dissolving a 
weighed amount of PMB in 0.04 N NaOH. The final 
concentration was determined at 232 nm by using the 
extinction coefficient E = 1.69xI04 M-icm -I. The 
buffer used was glycine-sodium glycinate, ~z = 0.I, 
pH = 10.5. 

Titrations of the 'free' sulphydryls were carried out by 
the method of BOYER s. In those systems in which a 
reaction of the 'masked' sulphydryls begins before the 
addition of sodium chloride the result can only be an 
approximation. In some experiments EDTA was added to 
the reaction solution to prevent possible oxidation ol the 

su lphydry l  groups t h r o u g h  catalysis  by  h e a v y  meta l  
cations.  Addi t ion  of E D T A  produced  no s ignif icant  changes  
in the  resuIts.  

The react ion ra te  of t he  m a s k e d - S H  groups wi th  PMB 
was measured  spectroscopical ly  a t  10 ~ by  following the  
change  of opt ical  dens i ty  a t  250 n m  by  a m e t h o d  descr ibed 
previous ly  ~. The to ta l  opt ical  dens i ty  change  be tween  
t ime  zero and t ime  inf in i ty  was calculated f rom t i t r a t ions  
of the  p ro te in  w i th  PMB in p h o s p h a t e  buffer,  p H  7 and  
ex t rapo la t ion  to 4 su lphydryls .  This m e t h o d  has p roved  
to  be accura te  in those  cases in which the  reac t ion  was 
ex t remely  rapid,  t hus  al lowing a check to  be made .  An 
except ion  was  occasionally no ted  in t he  reac t ion  of globin 
in glycine-glycinate  buffer  in which  the  to ta l  optical  
dens i ty  change observed was s o m e w h a t  h igher  t h a n  t h a t  
calculated.  This l a t t e r  effect  could be due to t he  onset  of a 
dena tu ra t ion  react ion which  was somet imes  no ted  also in 
the  f i rs t  order  ra te  plots  as a dr i f t  upward  which  began  
af ter  30 min.  All spec t ropho tome t r i c  m e a s u r e m e n t s  were 
m a d e  wi th  a Beck man  Model DB-G spec t ropho tome te r .  
The p H  was measured  wi th  a R a d i o m e t e r  Copenhagen  25 
or 4 p H  meter .  S ta rch  gel e lectrophoresis  was carr ied out  
w i th  the  d iscont inuous  buffer  sys tem of POVLIK 10. Af ter  
e lect rophoresis  t he  gels were sliced in to  halves,  one of 
which was s ta ined wi th  benzidine,  t he  o ther  wi th  nigro- 
sine. 
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Table I. Titration of human globin ~ and hemoglobinb with PMB in various buffers 

Protein Buffer Final pH Number of reactive sulphydryls per hemoglobin tetramer or globin dimer 

Oxyhemoglobin Glycine-glycinate 9.6-10.5 2.05 

Oxyhemoglobin ~ Glycine-glycinate + EDTA a 9.6 2.08 

Globin Glycine-glycinate 10.5 1.9 

Globin concentration (dimer) = 1.4-1.8 • 10 -5 M. b Hb concentration (tetramer) = 0.70-1.2 • 10 -5 M. ~ Concentration = 0.6 • 10 4 M. 
a Concentration = 1 x 10 -3 M. 
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Tile r econs t i tu t ed  fer r ihemoglobins  were ob ta ined  by  
coupling na t ive  h u m a n  globin in glycine-glycinate  buffer  
wi th  measured  amoun t s  of fe r r ip ro toheme in stoichio- 
met r ic  a m o u n t  and  in the  ra t io  of heine globin d imer  
0.5/1 ; 1/1 ; 1.5/1 ; 2/1 based on a t i t r a t ion  by  the  m e t h o d  of 
ANTONINI et  a1.11. The fe r r ip ro toheme was p repa red  by  
the  m e t h o d  of LABBE and  NISHIDA 12. 

Control  exper iments  to de te rmine  whe the r  d e n a t u r a t i o n  
had  t aken  place dur ing  the  reac t ion  of PMB wi th  globin 
were pe r fo rmed  by  add i t ion  of a s to ichiometr ic  a m o u n t  

Table II. Rates of reaction of masked sulphydryI groups of human 
globin and hemoglobin with PMB in glycine-glycinate buffer, 
pH 10.5, t = 10~ 

Protein NaC1 Concentration (M) K • 103/min -1 

Globin �9 None 39.6 
Globin �9 0.1 38.0 
Globin ~ 0.5 45.6 
Oxyhemoglobin b None 5.1 
Oxyhemoglobin b 0.5 4.2 
Ferrihemoglobin o None 8.5 

F ina l  c o n c e n t r a t i o n :  Globin,  1.0 • 10 .5 - -  1.8 • 10 -5 M (dimer;  
PMB, 0.542 -- 0.686 • 10 -4 M. b Final concentration: Hemoglobin, 
0.86 • 10 -a (tetramer); PMB, 0.60 • 10 -4 M. ~ Final concentration: 
Hemoglobin, 0.934 • 10 -5 M (tetramer) ; PMB, 0.734 • 10 -~ M. 

Table [II. Comparison of the rate constants for the slow phase in the 
reaction of globin~ with PMB after recombination with heine in 
glycine-glyeinate buffer, pH = 10.5, t = 10~ 

Hemes/dimer K • 105/min -1 

0 32.5 
0.5 19.6 
1 14.8 
1.5 9.4 
2 7.4 

a Final concentration (dimer) = 1.82 • 10 -s M; Final PMB concentra- 
tion = 0.670 • 10 -~ M. 

of heme  to the  reac t ion  mi x t u r e  followed by  reac t ion  
wi th  d i th ioni te  and  t h e n  CO. Compar ison of the  spec t ra  
wi th  those  of the  cor responding  ferri, deoxy-  and  carbon-  
mo n o x y h emo g l o b i n  der iva t ives  revealed no s ignif icant  
differences be tween  700 n m  and  500 nm in ag reemen t  
w i th  the  s tab i l i ty  of globin a t  p H  11 repor ted  by  HAURO- 
WITZ, H A R D I N  a n d  D I C K S  3. 

Results  and discussion. Ti t ra t ion  of the  reac t ive  
su lphydry ls  of h u m a n  oxyhemoglob in  wi th  PMB in 
glycine-glycinate  buffer,  p H  10.5, ind ica ted  the  presence  
of 2 such groups  per  t e t r a m e r  '(Table I). These resul ts  
t aken  toge the r  w i th  t h e  r epo r t  of HASSI~RODT and  VINO- 
GRAD ~ t h a t  c a rb o mn o n o x y h emo g l o b i n  exists  largely as a 
d imer  unde r  similar  condi t ions  suggests  t h a t  the  species 
p resen t  is the  el/~l-dimerlS in which  only 1 su lphydry l  
is ' free ' .  By  con t ras t  t i t r a t i on  of t he  su lphydry l  groups in 
globin under  the  same condi t ions  ind ica ted  ca. 4 react ive  
groups  per  t e t r a m e r  suggest ing the  exis tence of e i ther  
globin monomers  or the  elfl~-dimer. 

The ra te  of t he  reac t ion  of t he  masked  su lphydry l  
groups of globin and  oxyhemoglob in  wi th  PMB in 
glycine-glycinate  buffer,  p H  10.5 followed f irs t  order  
kinet ics  (first order  in pro te in  bu t  i n d e p e n d e n t  of the  
concen t ra t ion  of PMB).  This  behav iour  is in con t r a s t  w i th  
t he  behav iour  of globin or hemoglobin  in p h o s p h a t e  
buffer,  p H  79,1~ in which  the  ra te  is f i r s t -order  in PMB, 
suggest ing t h a t  a d i f ferent  mechan i sm is opera t ive  in 
glycine-glycinate  buffer,  pe rhaps  one involving a slow, 
r a t e -de te rmin ing  Change in p ro te in  followed by  a fas t  
reac t ion  wi th  PMB. The ra te  of the  reac t ion  of globin in 
glycine-glycinate  buffer  (Table II) was fas ter  t h a n  in 
p h o s p h a t e  buffer,  p H  7 '. These kinet ic  resul ts  parallel  t he  
re la t ive degree of dissocia t ion of globin in the  various 
buffers  p red ic ted  on the  basis  of the  n u m b e r  of ' f ree '  
su lphydry l s  t i t r a ted .  Fur the r ,  globin reacts  wi th  PMB in 
glycine-glycinate  buffer,  p H  10.5, fas ter  t h a n  does 
oxyhemoglob in  (Table II),  suggest ing t h a t  globin is 
dissociated to a m u c h  grea te r  ex t en t  t h a n  is o x y h emo-  
globin under  these  condit ions.  The effect  of sodium 
chloride on the  reac t ion  ra te  of t he  masked  su lphydry l s  of 
globin or oxyhemoglob in  w i t h  P M B  appears  to  be very  
sl ight  (Table II).  T h a t  the  reac t ion  begins  w i t h o u t  sodium 
chloride can be t aken  as fu r ther  evidence of dissociat ion 
of t he  p ro te in  into subuni ts .  Addi t iona l  evidence is 
p rov ided  by  the  expe r imen t s  in which  PlV[B was added  to 
solut ions of r econs t i t u t ed  fer r ihemoglobin  (Table I I I ) .  I t  
can  be seen t h a t  t he  reac t ion  ra te  decreased as t he  ra t io  
heme/globin  increased and  the  composi t ion  app roached  
t h a t  of ferr ihemoglobin.  Compar ison of the  ra te  of reac t ion  
of t he  sys t em conta in ing  2 hemes /d imer  w i th  the  ra te  of 
fer r ihemoglobin  (Table II) reveals  t h a t  the  two ra tes  are 
ap p ro x i ma t e l y  equal.  Ra te  plots  of the  react ion in which  
PMB was  added  to r econs t i tu t ed  fer r ihemoglobin  were 
biphasic  a p p a r e n t l y  due to  t he  presence  of dena tu red  
globin in the  p repa ra t ion  used since the  rapid  phase  
a m o u n t e d  to  ca. 10~o of the  to ta l  react ion.  The electro- 
phoresis  s tudies  of the  reac t ion  of globin (Figure 1), 

<--- Blobin 

-<-- Origin 
a) b) c) 

Fig. 1. Starch gel electrophoresis of globin A, 4 mg/ml, in glycine- 
glycinate buffer pH 10.5, p~ = 0.1, with and without NaC1, 0.5 M, 
treated with PMB 10 moles/protein tetramer after 4 h of incubation 
at 4~ Nigrosine stain: a) globin + PMB, no NaCI; b) globin + 
NaC1 + PMB; c) untreated globin. 
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o x y h e m o g l o b i n  (Figure  2 A) a n d  f e r r ihemoglob in  (Figure  
2B) in g lyc ine-g lyc ina te  w i t h  P M B  ind ica t e  comple te  
s epa ra t i on  in to  2 new b a n d s  a f t e r  4 h for g lobin  a n d  
p a r t i a l  s e p a r a t i o n  in to  2 new b a n d s  for oxy-  a n d  ferri-  
h e m o g l o b i n  a f te r  4 h. T h e  new b a n d s  p r e s u m a b l y  cor- 
r e spond  to  t h e  eP~B_ an d  r 

Conclusions. Change  in c o n f o r m a t i o n  a n d / o r  increases  
in  d i ssoc ia t ion  t h a t  occur  in  h e m o g l o b i n  a t  p H  10.5 a n d  
t h a t  a p p e a r  in g lobin  upon  r e m o v a l  of t h e  he ine  resu l t  in  
g rea te r  r e a c t i v i t y  of t h e  s u l p h y d r y l  groups  t o w a r d  PMB.  
The  resul t s  r epo r t ed  he re in  are cons i s t en t  w i t h  t h e  g rea te r  
d issoc ia t ion  of h e m o g l o b i n  a t  a lka l ine  p H  2, ~ a n d  w i t h  t h e  
k n o w n  differences  in  c o n f o r m a t i o n  a n d  d issoc ia t ion  
b e t w een  globin  a n d  h e m o g l o b i n  15-~s. 

Rdsumd. La mesure  des t a u x  de r6ac t ion  des sulfhy-  
dryles  masqu6s  de l ' h6moglob ine  et  de la g lobine h u m a i n e s  
avec  le p - m e r c u r i c h l o r o b e n z o a t e  m o n t r e  que  ce t a u x  de 
r6ac t ion  est  p lus  g r a n d  en t a m p o n  g lyc ine-g lyc ina te  au  p H  
10,5 q u ' e n  t a m p o n  p h o s p h a t e  au  p H  7. I1 est  p lus  g r a n d  
pou r  la g lobine que p o u r  l ' h6moglobine ,  dans  les m~mes 
condi t ions .  Le t i t r ag e  des groupes  de su l fhydry les  
dibres>> dans  le d imgre  d ' h6mog lob ine  p r6sen t  en t a m p o n  
g lyc ine-g lyc ina te  au  pI-I 10,5 ind ique  la pr6sence d ' u n  te l  
g roupe  ce qui  fa i l  supposer  que  l 'esp~ce en  ques t ion  est  le 
d im~re  ~1 ~1. 
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Fig. 2. Starch gel electrophoresis of HbO~, and ferrihemoglobin, 
4 mg/mI, in glycine-glycinate buffer with and without NaC1, 0.5 M, 
treated with PMB 10 moles/Hb tetramer after 4 h incubation at 
room temperature. Nigrosine stain: A) HbO 2 in glycine-glyeinate 
buffer, pH 10.5,~x = 0.1. a) HbO~ + P3/[B + NaC1; b) HbO 2 + PMB, 
no NaC1. B) Ferrihemoglobin in glycine-glycinate buffer, pH 10.5, 
lx = 0.1. a) ferriHb + PMB + NaC1; b) ferriHb + PMB, no NaC1. 

15 K. H. WINTERHALTER and E. R. HUEHNS, J. biol. Chem. 239, 3699 
(1964). 

16 E. BRESLOW, S. BEYCHOK, K. D. HARDMAN and F. R. N. GURD, 
J. biol. Chem. 240, 304 (1965). 

1~ A. ROSSI-FA~E~LI, E. ANTONINI and A. CAPUTO, J. biol. Chem. 
234, 2906 (1959). 

is C. IoPPOLO, Experientia 22, 742 (1966). 
19 Acknowledgments. We are grateful to Professor E. ANTONINI for 

helpful discussions. 

The Effect of Oxygen on the Hemoglob in -B ind ing  

Ear l i e r  i t  was  d e m o n s t r a t e d  t h a t ,  d e p e n d i n g  on  t h e  
p h e n o t y p e ,  t he  p e r o x y d a s e  a c t i v i t y  of t h e  h a p t o g l o b i n -  
h e m o g l o b i n  complex  fo rmed  in  s e rum h e a t - t r e a t e d  a t  
56 ~ decreases  2. Para l l e l  w i t h  t he  decrease  of pe roxydase  
ac t iv i ty ,  a n d  l ikewise d e p e n d i n g  on  t he  p h e n o t y p e ,  t h e  
h e m o g l o b i n - b i n d i n g  capac i t y  (HbBC) of h a p t o g l o b i n  
decreases~. I n  t he  same  s t u d y  i t  was  also d e m o n s t r a t e d  
t h a t  t he  decrease  of H b B C  due  to  of h e a t  t r e a t m e n t ,  
m i g h t  be  r e s to red  comple t e ly  in  t h e  case of p h e n o t y p e  
H p  1-1 and  p a r t i a l l y  in  t h e  case of p h e n o t y p e  H p  2-1 an d  
H p  2-2, if in to  t h e  h e a t - t r e a t e d  s e rum a n  oxygen  s t r e a m  
was le t  in  for 10 min2.  The  p r e s e n t  s t u d y  discusses t h e  
effect  of oxygen  on  H b B C  of n a t i v e  serum.  

Method. Sera  of ali  3 p h e n o t y p e s  were d iv ided  in to  2 
par t s .  One p a r t  was  left  u n t r e a t e d ,  t he  second o x y g e n a t e d  
for 10 mil l  in  a t u b e  m e a s u r i n g  15 X 105 m m .  The  a m o u n t  
of oxygen  was 0.6 to  0.8 1 in to ta l ,  A t  in te rva l s ,  t he  scum 

Capacity of Haptoglobins  

produced  was des t royed  w i t h  a P a s t e u r ' s  p ipe t te ,  a n d  
a f t e r  o x y g e n a t i o n  comple te ly  d i s ap p ea red  b y  cen t r i fuga-  
t ion.  T h e n  t h e  H b B C  of b o t h  t h e  n a t i v e  a n d  o x y g e n a t e d  
samples  was d e t e r m i n e d  on t h e  agar -p la tes  of the  HYLAND'S 
' h a p t o g l o b i n  e lec t rophores i s  t e s t ' .  

Results. I t  was found  in all sera of t h e  3 p h e n o t y p e s  
t h a t  t h e  H b B C  of o x y g e n a t e d  samples  increased  as 
c o m p a r e d  to  t h e  or ig ina l  H b B C  of serum.  The  increase  
was m o s t  d i s t i nc t  in  sera  of t h e  p h e n o t y p e  l i p  1-1: 
20-40 mg/100  m1 HbBC.  The  F igu re  shows t h e  va lue  of 
Hb]3C in t h e  n a t i v e  a n d  o x y g e n a t e d  sample  of s e rum of 
t h e  p h e n o t y p e  H p  1-1. 
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