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A series of compounds re lated to b is-pyr idoxal  phosphate has been 
synthesized and used to cross l ink deoxyhemoglobin. The y ie ld  of cross- 
l inked hemoglobin increased dramat ica l ly  from about 15% for  the d i -  or 
tr iphosphate to about 70% for  the tetraphosphate. The s i te  of attachment 
of the intramolecular  crossbridge was found to be from the N-terminal amino 
group of one ~ chain to lys ine 82 of the other.  Since the distance between 
these residues is only I IA, the b is-pyr idoxal  tetraphosphates probably 
have a "stacked" conformation. The crossl inked hemoglobins bind oxygen 
cooperat ive ly  but with a great ly  decreased a f f i n i t y .  The increased a b i l i t y  
to unload oxygen together with the s t a b i l i z a t i o n  of the tetramer qua l i f i e s  
them as promising c e l l - f r e e  blood subst i tu tes .  ® 1988 Academic P ..... Inc. 

Hemoglobin crossl inked covalent ly  between the ~ dimers is of i n te res t  

from two points of view. One is to see to what extent  d issoc ia t ion into 

~ dimers and espec ia l ly  subunit exchange between these dimers and in tac t  

tetramers ( i ,  2) play a role in the conformational change of the oxygen 

ca r r i e r  from the T state to the R state.  The second is that  in order to 

use hemoglobin as an emergency blood replacement, d issoc ia t ion into e~ 

dimers must be prevented, since these are f i l t e r e d  by the glomerulus and 

therefore rap id ly  excreted. 

A number of c ross l ink ing agents fo r  th is  purpose have been described, 

inc luding d iasp i r ins  (3) ,  a dialdehyde der i va t i ve  of pyr idoxal phosphate 

(4) and most recent ly  4 ,4 ' - d i i so th iocyanos t i l bene -2 ,2 ' - d i su l f ona te  (5).  

In th is  communication we describe a ser ies of new cross l ink ing 

reagents consist ing of two pyridoxal residues jo ined cova lent ly  by a bridge 

containing phosphates. 

Materials  and Methods 

These b is-pyr idoxal  phosphate (bis-PkP) der iva t ives  are l i s t e d  in 
Table I .  Only No. I ,  (bis-PL) P2 has been described prev ious ly  (6).  Al l  
the compounds were synthesized by the anion exchange method of Michelson 
(7) as modified for  pyridoxal der iva t ives  by Fukui et a l .  (6, 8, 9). 
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The syntheses involved the following steps: 
(1) The reactants were converted into their tributylammonium salts 

by standard methods. 
(2) Pyridoxal 5' diphosphate B-diphenyl ester was prepared from t r i -  

butylammonium pyridoxal phosphate by reaction with diphenylchlorophosphate 
at room temperature for 3 hours followed by extraction of the excess 
reagent with ether as described (6,7). I t  was used in the anion exchange 
reaction for all the compounds except no. 2, which required pyridoxal-5'- 
triphosphate y diphenyl ester. The latter was prepared in the identical 
manner from pyridoxal diphosphate, synthesized as described by Fukui et 
al .  (6).  

(3) Anion exchange was allowed to proceed at room temperature fo r  
1-1½ hours in dry pyr id ine (~ i ml per mi l l imole of the d iphenylester) .  
The anions used, as t he i r  tributylammonium sa l t s ,  were pyridoxal phosphate 
fo r  compounds 1 and 2, pyrophosphate fo r  compound 3, methylene 
diphosphonate fo r  no. 4, f ructose 1,6 diphosphate fo r  no. 5 and 2,3 d i -  
phosphoglycerate fo r  no. 6. The ra t io  of d iphenylester  to anion in the 
exchange react ion was 0.6/1 fo r  compounds i and 2, and 4/1 fo r  the others. 

(4) The products were pu r i f i ed  by chromatography on a 1.5 x 17 cm 
column of Dowex I-X2 using a gradient of LiCl from 0 to 0.2 M in O.OIN 
HCl (6,7) .  A f te r  concentrat ion to a small volume and p rec ip i t a t i on  with 
acetone, the l i th ium sal ts  of the b is-pyr idoxal  polyphosphates were fu r ther  
pu r i f i ed  by chromatography on s i l i c a  gel ,  using MeOH/CHCl 3 (6:4) as the 
solvent.  

Solutions of the b is-pyr idoxal  polyphosphates were standardized spect- 
rophotometr ica l ly  using the molar ex t inc t ion  c o e f f i c i e n t  ~392 =9-400repor ted 
fo r  (bis-PL) P2 (6).  Normal adult  human hemoglobin (HbA) was prepared from 
fresh blood and stored in l i qu id  N 2 as described prev iously  ( i 0 ) .  

The react ion with deoxyhemoglobin was carr ied out in an atmosphere 
of argon at IO°C exact ly  as described previously fo r  2-nor-2- formylpyr-  
idoxal 5'-phosphate (4,11).  A f te r  reduction with NaBH 4, the argon was 
replaced by CO. The y ie ld  of crossl inked hemoglobin was determined by 
passage of the react ion mixture through a 2.5 x 35 cm column of Sephadex 
G-IO0 "superf ine"  in I.OM MgCI 2. Under these condi t ions uncrosslinked 
hemoglobin is completely dissociated into ~ dimers (12) and exce l len t  
separation between dimers and tetramers is achieved. The methods used 
to determine the s i te  of subs t i tu t ion  on the hemoglobin molecule have been 
described (10). 

Resu]ts and Discussion 

The bis-pyridoxal polyphosphates used for this study are listed in 

Table I together with their extinction coefficients in the U.V. I t  is 

clear that the introduction of a fourth phosphate between the two pyridoxal 

rings is accompanied by a decrease in the extinction coefficient of the 

392nm absorption band while the shoulder at 324nm is replaced by another 

absorption maximum. These changes in spectrum would be expected i f  

"stacking" of the two pyridine rings occurs in compounds 3-6 but not in 

compound 1 or 2 (13). In that case there should be a substantial change 

in the distance between the two aldehyde residues on going from (bis-PL)P 3 

to (bisPL) P4 and this is completely borne out by the results on their 

reaction with hemoglobin. As can be seen from Table I I ,  there is a 

dramatic increase in the amount of intramolecular crosslinking with the 

introduction of a fourth phosphate between the two pyridoxal rings. 

I0 
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TABLE I 

Bi s-Pyridoxal Polyphosphates 

HC----O O -  O -  HC--O 

. o  o .  
II 

cHiN o o H3 

No. Abbreviation R e H 

392 nm 324 nm 

1. (bis-PL) P2 Oxygen 8.800 3.900 (sh) 

2. (bis-PL) P3 Orthophosphate 9.100 4.400 (sh) 

3. (bis-PL) P4 Pyrophosphate 6.700 4.700 

4. CH 2 (bis-PL) P4 Methylene diphosphonate 6.800 4.500 
5. Fructose (bis-PL) P4 Fructose 1,6-diphosphate 7.100 5.300 

6. PLP-DPG-PLP 2,3-diphosphoglycerate 7.600 5.700 

The effect of d i f ferent ratios of crosslinking agent to hemoglobin 

on the reaction is shown for two of the compounds in Fig. 1. I t  is clear 

that these compounds are remarkably e f f i c ien t  and specific in their  

reaction with deoxy hemoglobin, since the yield of intramolecularly cross- 

linked hemoglobin is over 60% when only stoichiometric amounts are used. 

By contrast, using diaspirins the yield is about 15% (14) and with 4,4'-  

diisothiocyanostilbene-2,2'disulfonate i t  is only 5% (5). Furthermore, 

i t  should be noted that the tetramer fraction isolated from the reaction 

TABLE I I  

Covalent Intramolecular Crosslinking of Deoxy Hemoglobin 

by the Bis-Pyridoxal Polyphosphates 

Compound % Tetramer 

(bis-PL) P2 16 

(bis-PL) P3 18 

(bis-PL) P4 68 

CH 2 (bis-PL) P4 53 
Fructose (bis-PL) P4 41 
PLP-DPG-PLP 70 

The reactions were performed as described (4, 11) using 1.4 moles of 
bis-pyridoxal compound per mole of deoxy hemoglobin. The proportion of 
tetramer was determined by gel f i l t rat ion as described in the text. 

I !  
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of hemoglobin with 1 mole/mole (or less) of these compounds was ent i re ly  

homogeneous by acrylamide gel electrophoresis (data not shown) whereas 

higher ratios gave rise to a minor component with a larger anionic 

mobility. 

The site of attachment of the crosslink on the hemoglobin molecule 

was determined as follows: The modified hemoglobin was dissociated into 

and ~ chains by chromatography on CM cellulose in urea as described (15). 

The ~ chains were normal as judged by their  elution volume, U.V. spectrum 

and the absence of phosphate. The ~ chains eluted ear l ier  than normal 

ones, contained all the phosphate and had a U.V. absorption with a maximum 

at 325nm, typical of pyridoxylamino acids. The label was further 

localized by chromatography of a pronase hydrolysate of the globin on a 

sulfonic acid resin (UR-30) as described previously (10). Equal amounts 

of pyridoxyl-lysine and pyridoxyl-valylhist idine were found together with 

a trace of pyridoxyl valine. These results suggest strongly that the bis- 

pyridoxal polyphosphates crosslink deoxyhemoglobin tetramers at the same 

site as 2-nor-2-formylpyridoxal 5'-phosphate, i .e.  between the N-terminal 

amino group of one ~ chain and lysine 82 of the other one. 

The distance between these two amino groups is about 11A in deoxyhemo- 

globin (16). This is much smaller than the distance between the two 

aldehyde residues in the bis-pyridoxal tetraphosphate compounds in their  

extended form. The very high a f f i n i t y  of these compounds for this 

part icular site therefore strongly confirms the idea that their pyridine 

rings interact. I t  wi l l  be of great interest to see whether the 

conformational change with ligand binding, which involves a large increase 
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Figure 1. Effect of pyridoxal polyphosphate concentration on the yield of 
crosslinked hemoglobin. 

The reactions were carried out with 2.5x10-4M deoxyhemoglobin 
as described (4, 11), using the indicated concentrations of 
pyridoxal polyphosphate. 

Crosses = (bis-PL)P 4 
Open Circles = PLP-DPG-PLP 

]2 



Vol. 156, No. 1, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

ioo 

i /'lJ i / /  

0.5 1.0 15 2.0 
Log pO 2 

Figure 2. Oxygen Equilibrium Curves of Native and Cross]inked Hemoglobin. 
Crosses = native HbA 
Fil led Circles = tetramer crosslinked with compound 3, Table I 
Open Circles = tetramer crosslinked with compound 6, Table I 

All measurements at 20°C in O.05M bisTris pH 7.3, O.IM CI' ,  O.ImMEDTA. 

in the distance between the two amino groups to which the cross l ink  is 

attached, destroys the in te rac t ion  of the pyr id ine r ings wi th in  the 

crossl inked hemoglobin. 

The locat ion of the cross l ink in the central  cav i ty  between the 

chains is also borne out by the oxygenation curves in Fig. 2. The cross- 

l inked hemoglobins have a great ly  decreased a f f i n i t y  fo r  oxygen but re ta in  

coopera t iv i t y .  In fac t ,  both the posi t ion and the shape of t h e i r  oxygen 

binding curves is very s imi lar  to that  of unmodified hemoglobin in the 

presence of the most powerful a l l o s t e r i c  regu la tor ,  i nos i to l  hexaphosphate. 

In conclusion, the b is-pyr idoxal  polyphosphates appear to have a 

number of advantages as int ramolecular  c ross l ink ing reagents fo r  

hemoglobin: 

( I )  The synthesis by the anion exchange method involves only two steps 

and can eas i ly  be completed in three days inc luding p u r i f i c a t i o n  of the 

product. 

(2) Other funct ional  groups can be read i l y  incorporated between the 

two pyridoxal r ings. Thus, fo r  example, the f ructose compound, no. 5, 

was invaluable fo r  fo l lowing the p u r i f i c a t i o n  by monitoring the f ruc tose/  

pyridoxal and fructose/phosphate ra t i o .  

(3) The react ion of the compounds with deoxyhemoglobin shows an excep- 

t iona l  degree of s p e c i f i c i t y  and a very high y ie ld  of crossl inked tetramer 

( F i g . i ) .  

(4) Under the condit ions used fo r  the react ion with hemoglobin there 

is no intermolecular  c ross l ink ing since no hemoglobin species wi th 

molecular weight higher than the tetramer were found. 

(5) Crossl inking with b is-pyr idoxal  polyphosphates simultaneously 

overcomes the two major disadvantages of hemoglobin as a blood subs t i tu te  

13 
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since i t  stabilizes the tetramer and at the same time lowers the oxygen 

af f in i ty and therefore dramatically facil itates oxygen unloading (Fig. 2). 

Acknowledgements 

We would l i ke  to thank Barry Honig of th is  department for the important 

suggestion that the pyr idine rings could "stack" in some of the 

bis-pyr idoxal  polyphosphates. 

This work was supported by National Ins t i t u tes  of Health Grant HL-05791. 

References 

1. Smith, F.R., Gingrich, D., Hoffman, B.M. and Ackers, G.K. (1987) Proc. 
Natl. Acad Sci. (U.S.) 84, 7089-7093. 

2. Benesch, R.E., Benesch, R. and Macduff, G. (1965) Proc. Natl. Acad. 
Sci. (U.So) 54, 535-542. 

3. Snyder, S.R., Welty, E.V., Walder, R.Y., Will iams, L.A. and 
Walder, J.A. (1987) Proc. Natl. Acad Sci. (U.S.) 84, 7280-7284. 

4. Benesch, R., Benesch, R.E., Yung, S. and Edal j i ,  R. (1975) Biochem. 
Biophys. Res. Commun. 63, 1123-1129. 

5. Kavanaugh, M.P., Shih, D.T.B. and Jones, R.T. (1988) Biochemistry, 
27, 1804-1808. 

6. Shimomura, S. and Fukui, T. (1978) Biochemistry, 17, 5359-5367. 
7. Michelson, A.M. (1964) Biochim. Biophys. Acta. 91, 1-13. 
8. Tagaya, M. and Fukui, T. (1986) Biochemistry, 25, 2958-2964. 
9. Tagaya, M., Nakano, K., and Fukui, T. (1985) J. Biol .  Chem. 260, 

6670-6676. 
i0o Benesch, R.E., Benesch, R., Renthal, R.D. and Maeda, N. (1972) 

Biochemistry, I i ,  3576-3582. 
i i .  Benesch, R. and Benesch, R.E. (1981) Methods Enzymol. 76, 147-159. 
12. Macleod, R.M. and H i l l ,  R.J. (1970) J. Biol .  Chem. 245, 4875-4879. 
13. Cantor, C.R. and Schimmel, P.R. (1980) Biophysical Chemistry, p. 396, 

W.H. Freeman & Co., San Francisco, CA. 
14. Walder, J.A. (1986) U.S. Patent no. 4,598,064. 
15. Clegg, J.B.,  Naughton, M.A. and Weatherall, D.J. (1968) Nature, 219, 

69-70. 
16. Fermi, G. (1975) J. Mol. Bio l .  97, 237-256. 

]4 


