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Exposure of purified human hemoglobin to phenylhydrazine induces the oxidation of hemoglobin and the 
generation of acid soluble peptides. The extent of protein fragmentation depends on the concentration of 
phenylhydrazine, incubation time and temperature. The fragments. excluded by gel filtration chromato- 
graphy on Sephadex G- 15, are partially degraded by leucine aminopeptidase and are totally converted to 
amino acids by acid hydrolysis. The addition of inhibitors for serine proteinases (phenylmethylsulfonyl- 
fluoride), cysteine proteinases (leupeptin), aspartic proteinases (pepstatin A) and metalloproteinases 
(EDTA) does not alter the formation of acid soluble peptides, thus excluding the involvement of eryth- 
rocyte proteinases in the generation of peptides. I t  is suggested that oxygen and phenylhydrazine free 
radicals produced in the course of hemoglobin oxidation might be responsible for protein fragmentation. 
We also discuss a possible relationship between the fragmentation of oxidized hemoglobin and the 
ATP-independent proteolysis stimulated by oxidative agents. 
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INTRODUCTION 

The hydrazines are a class of compounds widely used in the laboratory, in industry 
and in human therapy such as antihypertensive (hydralazine) or antineoplastic agents 
(procarbazine). The metabolic activation of hydrazines seems to generate radical 
agents responsible for several toxic effects, including carcinogenesis.’ 

Among different hydrazine derivatives phenylhydrazine is one of the most effective 
haemolytic drugs’ used to produce experimental reticulocytosis in  rabbit^.^ The bio- 
chemical mechanism that mediates the oxidative haemolysis produced by phenylhy- 
drazine is still poorly understood, in spite of several efforts made in this area. A 
complete elucidation is difficult owing to the large number of different effects 
produced by phenylhydrazine in the red cells. Treatment of erythrocytes with 
phenylhydrazine results in a variety of hemoglobin denatured products (methemog- 
lobin, reversible and irreversible hemichromes, sulphohemoglobin, Heinz bodies): a 
methemoglobin-phenyldiazene complex’ and a complex of reactive intermediates of 
phenylhydrazine and heme.6 Also observed have been changes in erythrocyte mem- 
branes such as spectrin degradation,’ protein cross-linking,’ band 3 clustering9 and 
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lipid peroxidation,’” as well as alteration of cellular thiol status by glutathione 
oxidation,’’ depletion of ATP” and inactivation of enzymes.’’ 

In addition to these effects, phenylhydrazine is a powerful agent capable of sti- 
mulating proteolysis in the red cells.14 It has been proven that free amino acids are 
mainly generated from hem~globin,’~ but the mechanism by which oxidized hemog- 
lobin is rapidly hydrolysed remains unclear to date. 

In this paper we report the observation that human purified hemoglobin, devoid of 
endogenous proteinase contamination, can be cleaved into acid soluble peptides by 
direct interaction with phenylhydrazine and we believe that this event might be related 
to previously described enhanced proteolysis. 

MATERIALS AND METHODS 

Chemicals The following chemicals were obtained from commercial sources: 
phenylhydrazine and fluorescamine from Sigma (USA), leucine aminopeptidase, 
alanine dehydrogenase, NAD+ and protease inhibitors from Biochemia-Boehringer 
(Milan, Italy), DEAE-Cellulose (DE-52) and CM-Cellulose (Cm-52) from Whatman, 
Ultragel AcA34 from LKB, Sephadex G-I5 from Pharmacia. All other chemicals of 
analytical grade were purchased from Carlo Erba (Milan. Italy). Preparation of 
purified human hemoglobin Heparinized blood (25 ml) was withdrawn from adult 
healthy donors. Erythrocytes were isolated according to Beutler et al.“ Hemoglobin 
was purified according to Di Cola et al.” with slight modifications. Briefly, hemoly- 
sate, devoid of membranes, was buffered to pH 7.0 with sodium phosphate (5 mM) 
and percolated by a DE-52. Hemoglobin (not absorbed) was further purified by gel 
filtration on Ultragel AcA34 (2.6 x 80cm). Tubes containing hemoglobin (at least 
5 mg/ml) were pooled. Purified hemoglobin (80 mg/ml) was stored at -80°C and used 
within a month. A prolonged storage rendered the protein more susceptible to 
fragmentation. Purity of the product was checked, immediately after preparation, by 
polyacrylamide gel electrophoresis18 which at all concentrations of protein tested gave 
a single band in the presence or in the absence of SDS. Alternatively, hemoglobin was 
isolated according to Lynch” et al. and further purified by gel filtration as described 
above. Assay of hemoglobin breakdown Hemoglobin (16 mg) was incubated in a 
volume of 1 ml containing 50 mM sodium phosphate buffer (pH 7.5) in the presence 
of suitable concentrations of phenylhydrazine. In control samples phenylhydrazine 
was replaced with buffer. At different times the mixture was deproteinized by cold 
trichloroacetic acid (1 0% final concentration) and the release of the acid-soluble 
amino groups was measured fluorimetrically with fluorescamine using leucine as a 
standard.*’ All values were corrected for the fluorescence background occurring at 
zero time incubation. Measurements of free alanine and amino acids analysis The 
concentration of free L-alanine was estimated according to Williamson” by fluorime- 
tric assay of NADH as previously described.” Amino acids analysis was performed 
in a LKB 41 50 ALPHA amino acids analyzer by cation-exchange resin (Ultropac 1 1) 
developed with lithium buffers and standardized with amino acids occurring in 
physiological fluids. Preparation of acid soluble material Hemoglobin (80 mg) was 
incubated in 5 ml of potassium phosphate buffer (pH 7.4) with 8 mM phenylhydrazine 
for 3 h at 37°C. Then the solution was deproteinized by the addition of 5 ml of 
perchloric acid (1 M). After the removal of precipitate, the supernatant was neu- 
tralized with KOH (5 M). Insoluble perchlorate was eliminated and the acid soluble 
fraction used for analysis. 
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RESULTS 

Hemoglobin (1 6 mgiml), incubated at 37°C in the presence of 8 mM phenylhydrazine, 
underwent a rapid oxidation. The colour of the solution turned immediately from a 
bright red to a dark brown. Within a few minutes the solution became turbid and an 
insoluble precipitate accumulated at the bottom of the tube. These changes are related 
to the formation of methemoglobin, hemichromes and Heinz bodies, produced by the 
oxidative reaction of phenylhydrazine, as revealed by spectral analysis (Figure 1). The 
appearance of visible turbidity was greatly reduced when the reaction was performed 
at O"C, though a slight elevation of base line at 700nm (indicative of molecular 
aggregation) occurred also at low temperature (Figure 1). In addition to such well- 
known spectral changes, we observed that an increasing amount of fluorescamine- 
reactive acid soluble material was released in the course of incubation at 37°C. The 
formation of acid soluble material was dependent on the time of incubation, the 
concentration of phenylhydrazine (Figure 2) and temperature (Figure 3). When the 
incubation was carried out at O"C, a very small amount of peptides was released by 
hemoglobin even at high concentration of phenylhydrazine in spite of the complete 
oxidation of oxyhemoglobin to methemoglobin and hemichrome. Since fluorescamine 
is a specific reagent for primary amino groups, it was conceivable that fluorescamine- 
sensitive material recovered in the acid soluble fraction might be made up by amino 
acids or peptides generated by hemoglobin fragmentation. 

No free alanine could be detected by a very sensitive fluorimetric method capable 
of revealing even a few nmoles of alanine (data not shown). Similarly, the chromato- 
graphic profile obtained by the amino acid analyzer did not show the presence of 

nm 

FIGURE I Spectrophotometric changes of oxyhemoglobin produced by different amount of phenylhy- 
drazine. The protein (16 mg/ml) incubated at 0°C with phenylhydrazine for 30min was diluted (18.7pM) 
in potassium phosphate buffer 0.1 M (pH 7.0) and the optical spectra were promptly recorded at 6°C. The 
figures reported on the spectral curves indicate phenylhydrazineiheme ratio. The insert shows the relative 
changes (%) of oxyhemoglobin (O), methemoglobin ( A )  and hemichromes (0) against phenylhydrazine! 
heme ratio, computed by spectral analysis according to French er dZ6. 
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TIME (h )  

FIGURE 2 Effect of phenylhydrazine on hemoglobin fragmentation. The protein (16mg ml)  was in- 
cubated at 3 7 T  with different concentrations of phenylhydrazine. ( 0 )  none: ( 0 )  I mM: ( A )  2mM: (.) 
4mM: ( 0 )  8mM. At the times indicated aliquots were removed and acid-soluble amino groups were 
estimated as described in Methods section and expressed as moles of amino groups mole of heme. 

typical amino acid peaks (data not shown). When an aliquot (2ml) of acid soluble 
material was gel-filtered, after neutralization, through a Sephadex G-15 column, a 
single peak of fluorescamine-reactive material appeared in the void volume of the 
column, thereby excluding that phenylhydrazine itself is involved in the reaction with 
fluorescarnine, but suggesting the presence of peptide(s) greater than 1500 kDa (Fig- 
ure 3). The profile elution was changed after the incubation of acid soluble material 
with leucine aminopeptidase. While the void volume peak decreased. a second peak 
appeared in the phenylalanine elution volume (Figure 3). After acid hydrolysis the 
former peak was abolished and the latter was greatly increased (Figure 3). 

To exclude that endogenous contaminant proteinase(s) could be responsible for the 
generation of peptide fragments, hemoglobin was oxidized by phenylhydrazine in the 
presence of typical inhibitors for each known class of proteases (serine, cysteine, 
aspartic and metallo-proteinase, respectively).” Phenylmethylsulphonylfluoride (0.2- 
2 mM), leupeptin (0.0 1-0.2 mgiml), pepstatin A (0.002-0.02 mg/ml) and EDTA (0.2- 
2 mM) were totally ineffective in reducing the fragmentation (data not shown). 
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FIGURE 3 Effect of temperature on hemoglobin fragmentation Hemoglobin (16 mgfml) was incubated 
in the presence of phenylhydrazine (8 mM) at 0°C ( A ) .  l0"C (0). 20°C (0).  70°C ( 0 )  and 40°C (.) At the 
times indicated the amount of acid-soluble amino groups was monitored as described in the Methods 
section and expressed as nmoles of amino groups mole of heme 

DISCUSSION 

The results described herein shows that phenylhydrazine, in addition to a number of 
effects already k n o ~ n , ~ "  produces, by interaction with hemoglobin. the generation 
of acid soluble peptides. It has been reported that hemoglobin oxidized by phenylhy- 
drazine is more susceptible to proteolytic degradation by erythrocyte proteina~es. '~ . '~  
However, it seems extremely improbable that an endogenous proteolytic contamina- 
tion could be responsible for the generation of peptides, since similar results are 
obtained with hemoglobin purified by two different procedures, no other band besides 
hemoglobin can be detected in electrophoresis and, finally, proteinase inhibitors 
totally fail to restrain the peptide generation. 

Protein fragmentations have been observed in the course of irradiation producing 
highly reactive free radicals such as hydroxyl and superoxide  radical^.?^ The reaction 
of phenylhydrazine with oxyhemoglobin is extremely complex, since, in addition to 
end reaction compounds (nitrogen and ben~ene ,?~)  several intermediate products are 
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tube 

FIGURE 4 Elution profile on Sephadex G-I5 of acid soluble fragments. Hemoglobin (16mgiml) was 
incubated with phenylhydrazine (8 mM) for 3 h at  37°C. The mixture was deproteinized and the acid soluble 
fraction (2nd) was applied to the column (1.6 x 40cm) eluted with sodium borate buffer 0. I M @H 8.5). 
Untreated sample (0), sample incubated with leucine aminopeptidase (IOIU) for 16h at 25°C (W), sample 
hydrolysed at 1IO”C for 24h in HCI ( 6 M )  (0) .  Amino groups was monitored by fluorescarnine reaction 
and expressed as fluorescence arbitrary units. Arrows and figures indicate the elution volume and molecular 
weight of standards used for column calibration (Blue Dextran, glutathione disulfide. N-carbobenzoxy- 
glycyl-glycyl-phenylalanine, phenylalanine) 

generated such as ~henyldiimide,‘~ phenylhydrazyl radical,’6 phenyl radical” as well 
as different by side products such as superoxide,” hydrogen peroxide” and probably 
hydroxyl radica1.j’ This latter compound has been believed to be involved in the 
degradation of irradiated proteins23 and hydrogen peroxide (though at high con- 
centration) has been proven to mediate the fragmentation of a1bumin.j’ It is possible 
that the same compounds are involved in the fragmentation of hemoglobin in the 
course of its oxidation by phenylhydrazine. 

The present report can suggest a key for the interpretation of the accelerated release 
of free amino acids by red cells exposed to phenylhydrazine. It has been proven, by 
measurements of free alanine generation, that erythrocytes contain an ATP-indepen- 
dent system involved in the proteolytic degradation of oxidant-damaged hemog- 
lobin.’’ It has been proposed that oxidized hemoglobin is more susceptible to a 
proteolytic attack by specific endoproteinase(s) able to selectively recognize modified 
hemoglobin, but this enzyme(s) is not so far clearly identified. Although we showed 
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that the peptide(s) generated by phenylhydrazine-hemoglobin interaction is not com- 
pletely hydrolysed to amino acids by leucine aminopeptidase, the complementary 
effect of different mono-di-tri-aminopeptidases occurring in red cells could produce 
a complete degradation of such a peptide(s). If also in intact red cells, hemoglobin can 
undergo fragmentation by phenylhydrazine and other oxidants, it is possible that the 
peptide(s) could be further degraded by erythrocyte peptidases, thus accounting for 
the elevated rate of amino acid generation. 

References 

I .  

2. 

3 .  

4. 

5.  

6. 

7. 

8. 

9 .  

10. 

I I .  

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22.  
23. 

R.A. Prough and S.J. Moloney. Hydrazynes. In: Bioactivation of foreign compounds (Anders, M.W. 
ed.). Academic Press. New York. pp. 4 3 3 4 9  (1985). 
J.H. Jandl, L.K. Engle and D.W. Allen. Oxidative hemolysis and precipitation of hemoglobin. I. 
Heinz body anemias as an acceleration of red cell aging. J .  Clin. fmwi., 39, 1818-1836 (1960). 
J.D. Etlinger and A.L. Goldberg. A soluble ATP-dependent proteolytic system responsable for the 
degradation of abnormal proteins in reticulocytes. Proc. Nail. Acad. Sci. USA,  74, 54-58 (1977). 
J. Peisach, W.E. Blumberg and E.A. Rachmilewitz. The demonstration of ferrihemochrome inter- 
mediates in Heinz body formation following the reduction of oxyhemoglobin A by acetylp- 
henylhydrazine. Biochim. Biopys. Acttr. 393, 404-418 (1975). 
H.A. Itano and S. Mannen. Reactions of phenyldiazene and ring-substituted phenyldiazenes with 
ferrihemoglobin. Biochim. Biophys. Acra, 421, 87-96 (1976). 
P.R. Ortiz de Montellano and K.L. Kunze. Formation of N-phenylheme in the hemolytic reaction of 
phenylhydrazine with hemoglobin, J .  An1 Chem. Soc.. 103, 6534-6536 (1981). 
A. Arduini and A. Stern. Spectrin degradation in intact red blood cells by phenylhydrazine. Biochem. 
Pharmac.. 34, 4283-4289 ( 1  985). 
B. Vilsen and H.  Nielsen. Reaction of phenylhydrazine with erythrocytes. Biochem. Pharmac. 33, 
2739-2748 (1984). 
P.S. Low and S.M. Waugh. The role of hemoglobin denaturation and band 3 clustering in red blood 
cell aging. Science. 227, 531-533 (1985). 
D.A. Bates and C.C. Winterbourn. Haemoglobin denaturation. lipid peroxidation and haemolysis in 
phenylhydrazine-induced anaemia. Biochmi. Biophxc.. Acra, 798. 84-87 ( 1984). 
D.W. Allen and J .H.  Jandl. Oxidative hemolysis and precipitation of hemoglobin. 11. Role of thiols 
in oxidant drug action. J .  Clin. fnoesi.. 40. 454475 (1961). 
M. Magnani. V. Stocchi, L. Cucchiarini and G. Fornaini. Red blood cell phagocytosis and lysis 
following oxidative damage by phenylhydrazine. Celi Biochem. Funcr.. 4, 263-269 (1986). 
P.R. Ortiz de Montellano and D.E. Kerr. Inactivation ofcatalase by phenylhydrazine. J .  Biol. Clieni., 

A.L. Goldberg and F.S. Boches. Oxidized proteins in erythrocytes are rapidly degraded by adenosine 
triphosphate-dependent proteolytic system.Sciencr, 215, 1 107-1 109 (1982). 
J.M. Fagan, L. Waxman and A.L. Goldberg. Red blood cells contain a pathway for the degradation 
of oxidant-damaged hemoglobin that does not require ATP or ubiquitin. J .  B i d .  Chem.. 261, 

E. Beutler. C. West and K.G. Blume. The removal of leukocytes and platelets from whole blood. J .  
Lab. Clin. Med..88, 328-333 (1976). 
D.  Di Cola, P. Sacchetta and P. Battista. Proteolysis in human erythrocytes is triggered only by 
selected oxidative stressing agents. Iiul. J .  Biocheni., 37, 129-138 (1988). 
U.K. Laemmli. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. 
Nature, 227, 680-685 (1970). 
R.E. Lynch, J.E. Thomas and G.R.  Lee. Inhibition of methemoglobin formation from purified 
oxyhemoglobin by superoxide dismutase. Biockviiisrry. 16, 4563-4567 ( 1977). 
P. Bohlen, S. Stein. W. Dairman and S. Udenfriend. Fluorometric assa! of proteins in the nanogram 
range. Arch. BiocAem. Biophys..l55, 2 13-270 ( 1973). 
D.H. Williamson. L-alanine: determination with alanine dehydrogenase. In: Methods of enzymatic 
analysis (ed. Bergmeyer H.U.) pp 1679-1681. Academic Press. New York (1974). 
J.S. Bond and P.E. Butler. Intracellular proteases. Ann. Rcr. Biochem.. 56, 333-364 (1987). 
S.P. WolK. A. Garner and R.T. Dean. Free radicals. lipids and protein degradation. Trends Biochem. 
Sci.,  11, 27-31 (1986). 

258, 10558-10563 (1983). 

5705-5713 (1986). 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

2/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



386 

24. G.H. Beaven and J.C. White. Oxidation of phenylhydrazines in the presence of oxyhaemoglobin and 
the origin of Heinz bodies in erythrocytes. Nature, 173, 389-391 (1954). 

25. H.A. Itano. Phenyldiimide, Hemoglobin, and Heinz Bodies. Proc. Natl. Acad. Sci. USA, 67,485-492 
( 1970). 

26. J.K. French, C.C. Winterbourn and R.W. Carrell. Mechanism of oxyhaemoglobin breakdown on 
reaction with acethylphenylhydrazine. Biochem. J. 173, 19-26 (1978). 

27. H.A.O. Hill and P.J. Thornalley. Phenyl radical production during the oxidation of phenyhydrazine 
and in phenyhydrazine-induced haemolysis. FEBS Lett., 125, 235-238 ( I98 1). 

28. B. Goldberg and A. Stern. The generation of 0,- by the interaction of the hemolytic agent, 
phenylhydrazine with human hemoglobin. J. B i d .  Chem., 250, 2401-2403 (1975). 

29. G .  Cohen an3 P. Hochstein. Generation of hydrogen peroxide in erythrocytes by hemolytic agents. 
Biochcmstry, 3, 895-900 (1964). 

30. S.M.H. Sadrzadeh, E. Graf, S.S. Panter, P.E. Hallaway and J.W. Eaton, Hemoglobin: A biological 
Fenton reagent. J. Bid. Chem.. 259, 14354-14356 (1984). 

31. J.V. Hunt, J.A. Simpson and R.T. Dean. Hydroperoxide-mediated fragmentation of proteins. Bio- 
chem. J. 250, 87-93 (1988). 

D. DI COLA ET AL. 

Accepted by Prof. G. Rotilio 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

2/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.


