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1. I n ~ o d u c f i o n  

HemogJobins Ah+ b (HbAh+b) and hemo~obin 
P.;:~ (HbAic) the so-called :tuner hem(,#obins are 
regular constituents o f  human exs, thrccytes. HbAIe 
is f o rmed  p o s t f i b o s o m a l l y  b y  a t t a c h m e n t  o f  glucose 
and mannose to the N-terminal valic, e of'the B-chains 
of HbA via a Schiff's base linkage [ 1 - 5 ] ,  while the 
structure of  I-IbAia+b ~as not yet  been studied in 
comparable detail. The minor hemoglobins are 
elevated in  d iabe t ic  p a t i e n t s  [ 6 - - 9 ] ,  d e p e n d i n g  o n  the  
blood sugar level [9]. L-1 vitro, g~ucose stimulates ha a 
dose-dependent mar.her hemoglobin glycosylation in 
hemolysates from normal erythrocytes [5,9] and also 
in purified hemo#obha preparations [5,9]. In the 
present st-udy we show that ~ glycosylation is not 
specific for glucose out occurs also ~dth other sugars 
and sugar-phosphates. In every case incorporation 
took place mainly into the ~-ch~ns of  the minor 
hemoglobins. 

2. M.~terials and methods 

D(+)-~ucose, D(+)-g~Jactose, D(+)-mannese, 
D(--)-fructose, D(--)-ribose was purchased from 
Merck, Darmstadt, FRG. Glucose-6-phosphate (G6P) 
and ufidine-5'-diphospho-glucose (UDP-glucose) 
were from Boehringer, Mannhekm, FRG. D-[U?*C]- 
Glucose, D-[1-3H]galactose, D-[1.SH]mannose, 
D- [U-14C]-fructose, D- [U-t*C] gluco~e-6-phosphate, 
UDP-D-[6-SH] glucose came from T1-.e Radiochomical 
Centre Amersham, Braunschweig, FRG. Whatman 
CM 23 cellulose was bought from Vez:er KG, 
Wiesloch, FRG. Other reagents were those described 
ha [9]. 
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2.1. Incubation o f  hemolysates  and H b A  H with 
unlabelIed sugars 

Hemolysate or purified HbAr~ , prepared as 
described [9] (corresponding to 1 mmo~/iiter hemo- 
globin) was dialyzed for 42 h at 37°C against 250-fdd 
vol.  deve loper  no .  6 [7] conta / i l Jng 27.7 m r n o l / l i t e r  
of the various sugars or sugar phosphates. After 30 
min centr/fugafion at 40 O00 × g at 4°C hemoglobin 
fractions were separated by chromatography on 
Bio-Rex ® [7.9]. 

2.2. Incorporation o f  sugars into hemoglobin chains 
Prior to use the hemolysate was dialyzed at 4~C 

with three changes in 24 h against 100-fold vol. 
glucose-free Earle 's  s o l u t i o n  [ 1 O] fo r t i f i ed  w i t h  sotid 
MgSOa and NaHCO3 to yield final concentrations of  
1.2 and 40 retool/liter, respectively. To 8 ml o f  
hemolysate, placed in plastic tubes (2 X 10 cm) the 
labelled sugars were added to yield a final concentra- 
tion of  22.2 mmolhiter and spec. radioact. 2.5 mCi/ 
mmol. The pH was adjusted to 7.5 by gassing for 
5 mhl with carbogen (95:5[O2 :COz) before the 
plastic tubes were stoppered and incubated for 2 h 
at 37°C in a shaking water bath. The mixture was then 
immediately dialyzed against 1000-fold y d .  developer 
no. 6 at 4°C with four changes in 36 h, and centri- 
fuged at 40 900 X g for 39 rain at 4°C. Fracfionation 
and quantification o f  the minor hemoglobins was 
carried out as described [9]. 

Separation of  c~- and/~-chalns of  hemoglobin was 
performed by chromatography on CM 23 ha 8 M urea 
according to [11,12]. The peak fractions were 
pooled and dialyzed at 4°C against tOO-fold voL 0.9% 
NaC1, pH 7.0, with four changes kt 36 h prior to 
about 50-fold concentration by eollodium bags SM 
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13 2 0 0  ( S a r t o r i u s ,  G / S t t i n g e n ,  F R G ) .  P r o t e i n - b o u n d  
r a d i o a c t i v / t y  w a s  d e t e r m i n e d  b y  p r e c i p i t a t i o n  o f  

0 . 5  m l  p r o t e i n  s o l u t i o n  w i t h  OA m l  3 m o l f l i t e r  t r i -  

c h t o r o a c e t i c  a c i d  ( T E A )  a n d  w a s h i n g  t h e  p r e c i p i t a t e s  

t w i c e  w i t h  1 0 %  T e A .  R a d i o a c t i v i t y  w a s  d e t e r m i n e d  

i n  a P a c k a r d  t r i - c a r b  l i q u i d  sck~tfi~_ation c o u n t e r  
m o d e l  5 7 4  a f t e r  d i s s o l v i n g  t h e  p r e c i p i t a t e s  i n  0 . 5  m l  

N C S  ® s o l u b f l i z e r .  P r o t e i n  w a s  d e t e m f i n e d  a c c o r d i n g  

t o  [ 1 3 ] ,  h e m o g l o b i n  c o n c e n t r a t i o n  w a s  d e t e r m i n e d  
f r o m  c y a n m e t h e m o g l o b i n  d e r i v a t i v e  A s46 ( T e s t - K i t ,  

B o e h r i n g e r ,  M a n n h e i m ,  F R G ) .  

3 .  R e s u l t s  

I n c u b a t i o n  o f  h e m o l y s a t e s  a n d  o f  p u r i f i e d  H b A I I  

with various sugars leads to marked changes of  the 
elution pattern of  h2moglobin fractions when com- 
pared w i t h  t h e  s u g a r - f r e e  i n c u b a t i o n  ( f i g . l a - - h ) .  W h i l e  

Fig. 1. F o r m a t i o n  o f  m i n o r  h e m o ~ o b h a g  by  i n c u b a t i o n  o f  
hemolysa tes  w i th  various sugars. Hemolysa tes  (cor responding  
to  a h e m o g l o b i n  c o n c e n t r a t i o n  o f  1 retool] l i ter)  were 
dia lyzed fo r  42  h at  37°C against  deve loper  no .  6 in  the  
absence  (a) or  p resence  o f  27.7 re tool / l i te r  glucose (b) ,  
f ruc tose  (c),  m~-mose (d) ,  gMactose (e), r ibose  (f),  glucose- 
6 -phospha t e  (g), and  ur id ine  d i p h o s p h o - ~ u c o s e  (h) ,  respec- 
t ively,  p r io r  to  c h r o m a t o g r a p h y  o n  Bio-Rex ® (as descr ibed  
in sec t ion  2). The  H b A l i  f rac t ion  which  is e lu ted  af te r  t he  
mLr~or hemog lob ins  b y  b u f f e r  change  has  b e e n  o m i t t e d  in 
diagaams b - - h  o f  fig.1. 
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Table  1 
Effec t  o f  sugars and  sugar p h o s p h a t e s  o n  f o r m a t i o n  o f  m i n o r  h e m o ~ o b i n s  in  lysed e ~ t h r o c y t e s  and  pur i f ied  HbAII  

h 

Sugar Hemolysa te  Purif ied HbAII  

VlbAia+b FtbAic  To ta l  HbAia+b  H b A i c  To ta l  
"rain,Jr h e m o -  "minor  h e m o -  

glob/ns" #ob ins"  
(%) (%) (%) (%) (%) (%) 

None  3.3 5.4 8.7 2.9 - 2.9 
Glucose 6 .5  11.3 17.8 7.3 10.7 18.0 
F ruc t e so  5.3 10.2 15.5 5.7 9.9 15.6 
Mannose  - - 34.6 - - 44 .7  
G~lacto~e -- -- 27.4 -- - 32.9 
Ribose  -- -- 58 .2  - - 69 .1  
Glucose-6-phospha te  37.7 7.4 45.1 39.8 - 39 .8  
Ur id ine  d iphos pha t e -  9 .4  7.4 16.8 7.1 2.0 9.1 

~ u c o s e  

Hemolysa tes  and  pur~fied H b A  H (prepared  as desc_-ibed in  sec t ion  2), cozresponding to a hemogtobLrt c o n c e n t r a t i o n  
o f  a b o u t  1 re tool / l i ter ,  were  dia lyzed fo r  4 2  h a t  37°C against  d0veIoper  no .  6,  con ta in ing  n~ sugar or  27.7 ree l /  
l i ter  o f  t he  sugars ind ica ted ,  and  ana lyzed  fo r  m i n o r  h e m o g l o b i n  c o n t e n t  (see sec t ion  2) 
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in the  case o f  glucose, fructose and-UDP-~ucose we]i 
s e p a r a t e d  p e a k s  w e r e  o b t a L n e d  ( f ig .  l b , c , h ) t h i s  is n o t  
t h e  c a s e  w i t h  m a n n o s e ,  g M a c t o s e ,  d b o s e  a n d  # u c o s e -  

6-Fho~phate (fig.~ d - g ) .  Data on  minor  hemoglobin 
format ion  f rom a variety o f  sugars are given in table 1. 
~Ls may  be seen marked changes were observed,  the 
greates t ef fect  being exer ted  by  ribose, fol lowed b y  
rnannose, galactose, glucose and fructose.  They  all 
caused an elevation o f  bo th  HbAh+  b and HbA~c 
albeit ha the presence o f  ribose there appeared a 
striking shift in favor o f  the i-FoAh+ b peak. Glucose.- 
6-phosphate and UDP-glucose increased almost 
exclusively the I-~Ai~+b region. 

Fur ther  experhments on the format ion o f  miner  
hemoglobins f rom sugars other  than glucose were 
carried out  with labelled sugars .in order  to  establish 
whether  these were also covalen'dy incorporated in 
the ~-chain o f  hemoglobin.  Chromatographic separa- 
t ion o f  the ~ c~- and/~ :ha ins  yielded different  protein 
and radioactivity distr ibution profiles for HbAh +  b , 
HbAIc and HbAII as illustrated in fig.2~ 

Fig.2. Separat ion o f  the  c~- and B-ch~ins ~f  rad/oaetively- 
labelled HbAia+b (a), HbAic  (b) and HbAII (c). Hemolysate~ 
were  incubated  with labelled ~ucos~ (a), mannose  (b),  and 
f ructose  (c), respect/vely and  .~eated as desen 'bed in  sect ion 2 
pr ior  to chromatography  on  Bio-Rex 70 @. The f rac~ons  o f  
Lh¢ HbAia+b,  HbAic  zaad HbAII  re[g/on were pooled ,  concen-  
t ra ted  and ~.5, 6.5 and 8.5 rag prote in ,  ~espectively, were 
appl/ed on top  oLa I X tO cm co lumn o f  CM23 ce l lu lose /h  
8 M urea. The ~- and ~-chains were eiuted by  a l i n e ~  Na ÷ ion- 
~ad~ent  (5 mrnol  Na~. H_PO4 -- 40  m m o l  Na 2 HPO~) at room 
tempera ture  in  3 n-d f rac t ions  at  a rate  o f  I mI/min_ ~n e~ch 
fract ion E~o  nm ( ) and radioactivit.v ( . . . . .  ) were 
determined.  
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Table 2 
Incorpora t ion  o f  sugars h~ the  ~- and/3-chains o f  hemoglobin  fract ions 

Mol sugar bound  per  tool ¢x- or/~-ch&in 

H bAla+b HbAic  HbAII  

t~-chains ~-chain ~ h a h u  c~-chain B-chain ~-cha[n 
(a+~Ib) 

"Glucose 0.1 0 0.06 < 0.00S 0.QOS 0.004 
Fructose  0.04 0 G.G5 0.009 0.007 0.00S 
Mannose 0.S 0.27 1.1 0.11 0.11 0.11 
G~lactose 0 .1!  -- 0.33 < 0,024 0.023 q 0.01 
GJueosc4g-Fhosphate O.OS < 0.002 0.013 0.001 0 0 
Ufid~le diphe~pho- 0.02 < 0.003 0.016 0 0 0 

~UCOSe 
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In the case o f  HbAia+b the chains emerged in 
three prote in  peaks,  two  o~" t hem at the posi t ion o f  
the n o r m ~  a-  and/~-chain, and a third peak  called 
B ib [14] in f ront  o f  the/3-chain. Excep t  wi th  mannose  
( table 2) radioact ivi ty  was mai~dy associated with 
the ~- and f l ib~hains a small p e a k  appearing in f ront  
o f  the  a-chain (fig.2a). 

U n ! i k e H b A h + b ,  HbAie d~splayed only one/3-chain 
besides the c~-chain. Radioact iv i ty  was a lmost  exclu- 
sively conf ined to  the/~-chain and orfly traces were 
found  ha the  a-chain (fig.2b).  The proteha profi le o f  
the HbA~ subun~ts closely resembled tha t  o f  HbA~c. 
The radioactivity pa t te rn  however ,  differed f rom the 
o ther  hemoglob in  fractions,  as the c~- and the B-chains 
conta ined  the label in nearly the same amounts  
(fig.2c). FuNher ,  two addit ional  radioactive peaks 
were observed in l-[bAII in f ront  o f  the a-  and the 
/~-chMn, respectively,  the nature  o f  which remMns to  
be elucidated.  This pa t te rn  was obta ined wi th  fruc- 
tose,  glucose, mannose  and galactose bu t  no t  wi th  
glucose-6-phosphate and UDP-g~ucose which were 
not  incorpora ted  at all in to  t tbAi i .  

F r o m  these studies there is li t t le doub t  tha t  the 
fo rmat ion  o f  minor  hemoglobins  is no t  specific for  
glucose and can occur  with a variet3¢ o f  o ther  sugars. 
Quant i ta t ively,  sugar incorpora t ion  in to  the/~-chains 
is highest in the case o f  mannose ,  fol lowed b y  
gMactose, glucose, f ructose and the sugar phosphates ,  
as summar ized  in table 2. 

4. DB~uss~on 

HbAr~+b and HbA~e are fo rmed on  incubat ion o f  
hemolysa tes  or purif ied HbAff wi th  glucose [9]. The 
present  s tudy shows tha t  o the r  sugars can also give 
_rise to  these minor  hemoglobins ,  f ibose,  mannose ,  
and  galactose being even more  effective than  glucose. 
Incorpora t ion  o f  galactose mad glucose into hemo-  
globins A and S was repor ted  ~15],  however ,  nei ther  
the hemoglobin  fract ions nor  the a-  and/~-chains 
were separated.  

Our  studies s trongly suppor t  cova!ent  incorpora-  
t inn o f  the  sugars studied and fu r the rmore  demon-  
strate tha t ,  in the  minor  hemoglobins  the linkage is 
specifically located  on  the/~¢hains .  While these 
studies were in progress glucose was found  to  be  
incorpora ted  in to  the g-chain o f  HbAie [5 ] .  The 

N-terminal  valine residue was identif ied as the 
binding site. 

In accordance vdth [16,17] ~ucose-6-phospha te  
appeared to  be a m u c h  be t te r  substrate  than  glucose 
as far as the fo rmat ion  o f  HbAia+b is zoncerned 
( table  1). However ,  af ter  dialysis, TCA precipi ta t ion 
:rod urea t r ea tmen t  the/~-chains conta ined  little 
~Jucose-6-phosphate,  even less than  glucose ( table  2). 
The high amoun t  o f  pro te in-bound gjucose-6-phos- 
phate  in HbALa+b found [171 is p robab ly  due to the 
stabiHsation o f  a Scl~ff 's  base lhakage by  reduct ion 
with  NaBH4 pr ior  to the sepa ra t ion  of  the a -  and 
/]-cl{ains. 

Since we were more  interested in the spontaneously-  
fo rmed  TCA-stable ihemoglobin--sug:~r adducts  we 
have omi t t ed  the NaBH4 reduct ion step.  

Also with  respect to  _H~_OAie fo rmat ion  it appears  
f rom table 2 that  the uptake  o f  ~uc.o~e is considerabiy 
hi-daer than  tha t  o f  ~ucose-6-phosphate .  These data 
do not  suppor t  the view tha t  hemoglobin  ~ycosy la -  
t ion occurs via the  incorvora t ion  o f  ~ucose-6-phos-  
pha te  and subsequent  removal  o f  the phospha te  group 
rather  than  b y  direct up take  o f  free glucose [ i 7 ] .  Also 
the fact  -that the concent ra t ions  o f  2 ,3-diphospho.  
glycerate and Pi exceed that  o f  g~ucose-6-phosphate 
ha the  red ceU b y  2--3 orders o f  magni tude does no t  
favour  rl-ds concept ,  as these c o m p o u n d s  compe te  
wi th  ~ucose-6-phosphate  for a c o m m o n  binding site 
on the/~-chain o f h e m o ~ o b i n  [17 ,18] .  That  the free 
sugars ra ther  than  tI sugar phosphates  are involved 
in minor  hemoglobin  forn-~ation is also consis tent  wi th  
the  Finding [14[ tha t  the g!ucose-6-phosphate con ten t  
o f  native HbAib is unme:asurably low, and aiso is ha 
agreement  with the  s ta tement  [19] tha t  the red cell 
lacks glucose-6-phosphatase.  Fur thermore ,  i t  is com- 
patible wi th  the obse~wation tha t  the levels o f  FFbAKc 
and o f  ~ucose-6-phospha te  during the  life span o f  the 
e ry th rocy tes  show no correlat ion.  While HbAIc 
increases wi th  the age o f  the red cell [20] the ~ucose -  
6-phosphate  concent ra t ion  is highest in the retic:zlo- 
cytes  [2!  ] .  
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