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MOLECULAR BASIS OF UNSTABLE HEMOGLOBINS

The stability and solubility of hemoglobin molecule depends upon an ordered
tertiary structure and variety of structural defects can affect the hemoglobin
stability. Out of many processes, the most common involves the replacement
of those amino acids which are either in direct contact with heme moiety or
in the vicinity of heme pocket. Replacement of these hydrophobic residues by
polar, charged, hydrophilic residues will result in_the lethal distortion of hemo-
globin molecule exhibiting either impaired bonding between heme and globin
chain, or in some cases the total loss of heme group. Substitution in the
interior of folded globin chains e. g. at ,/3, contact would result in weakening
of the contacts and increased dissociation of Hb- molecule into «a@ subunits
which is due to the distortion of the affected subunits. Deletion of certain
number of amino acids from the polypeptide chains of hemoglobin would
disrupt the secondary structure of the molecule itself. The instability of the
molecule is also associated with oxidative changes in the molecule producing
methemoglobins. The subunit structure can also be affected due to replacement
of a helical residue by a proline residue. This would shift the equilibrium
between a helix and random coil in a given segment. Since each subunit of
hemoglobin molecule is held by weak non-covalent bonds, loss of some of
these linkages can produce the instability of Hb molecule. The instability
of Hb molecule sometime may be self-caused e.g. the substituted amino acid may
have an extraordinary large side chain which is difficult to be accommodated
in the interior of the subunit. Alternatively, the incoming amino acid may have
a smaller side chain which fails to make contact with neighbouring amino
acids. All the above mentioned mechanisms responsible for the instability

~ of hemoglobin molecule will be discussed in detail in the following sections but
it must be remembered that there are certain exceptions in which the relationship
between the instability and structural changes is not apparent and difficult to
explain.

AMINO ACID SUBSTITUTION IN THE HEME POCKET

There are three clusters of hydrophobic residues near the heme, one on
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the side of E7(distal histidine)residue ; the other one on the side of F8 (proximal
histiditie) residue and the third one at the bottom of heme. =These clusters
of hydrophobic amino acids are located in CDEF and FG helices, the central
region of the molecule. These helices have their own significance because
porphyrin interacts with a number of non polar hydrophobic amino acids
in these regions of subunits. Interestingly, of the total 109 presently known
unstable variants, 50 involve the substitution in the central region of the Hb
molecule. The principal forces responsible for the configuration and stability
of hemoglobin are the hydrophobic bonds formed by internally located invariably
non-polar residues. The replacement of these internal hydrophobic residues by
other non polar residues of different dimensions can produce a different Hb
molecule having variable degree of instability not totally compatible with its
survival. The loss of important hydrophobic heme-globin contact loses the
hold of the globin on heme. This conformational changé would permit water to
enter into heme pocket and in the presence of oxygen and water, hemoglobin
is oxidised to methemoglobin. The oxidation of unstable hemoglobin to met-
hemoglobin is followed by a subsequent oxidation of the B93 cysteine.
Blockading of titrable ~SH groups results in distortion of the molecule giving
rise to oxidation of other SH groups finally causing the precipitation of the
molecule. The continuous formation of oxidative products may explain the
decreased levels of GSH found in the red cells of patients with unstable he-
moglobins.

There are 32 unstable hemoglobins in which heme contact is affected and
among these included 27 variants in which the amino acid residues of central
region (CDEF and FG helices) which are also heme linked have been substituted
(Table 1). Most of these mutants involve the replacement of one internal
hydrophobic residue by another, because a fully charged group in this critical
central region would lead to a totally non-viable hemoglobin molecule. For
example when phenylalanine (Phe) (CD1 or CEl) which makes contact with heme
is replaced by another hydrophobic residue such as valine as in Hb Torino
(a43(CEl) Phe—Val)” or by leucine as in Hb Hirosaki (a43(CEl) Phe—Leu)®
or Hb Louisville (842(CD1) Phe—Leu)*'® mild to moderate hemolytic process
is reported in the carriers which is compensated after splenectomy. But when
same phenylalanine is replaced by polar, charged hydrophilic residue serine as in
Hb Hammersmith («¢42(CD1) Phe—Ser)®~'® a severe uncompensated hemolytic
anemia in the propositus has been described.

The substitution in Hb Fort de France [ @45(CE3) His—Arg)'” involves the
replacement of an identical positively charged histidine by arginine. Individual
with Hb Fort de France abnormality presents a mild instability of the Hb
molecule. A mild Heinz body hemolytic anemia and splenomegaly was reported
in a Turkish who was a carrier for Hb Moabit (a86(F7) Leu—Arg).® The
leucine 86 (F7) which is an non-polar residue is in heme contact and it has
been replaced by polar amino acid in the interior of heme pocket weakening
the heme binding and allowing the water to enter into the hydrophobic heme
pocket. F7 (a86) is also next to the proximal histidine (FF8) and located at
the helical part of the polypeptide chain molecule and this replacement would
markedly affect the stability of the hemoglobin molecule. A substitution of F7
has also been reported in Hb Sabine (391(F7) Leu—Pro)'®, a 8-chain variant
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where a different mechanism is responsible for severe hemolytic disorder as
tompared to mild and nearly compensated hemolytic anemia in Turkish patient
with Hb Moabit.'® )

A severe transient drug induced hemolytic crisis was observed in a carrier
of Hb Mequon (B41(C7) Phe—Tyr)® who was treated with acetoaminophen
for viral illness. The anemia as we see is drug-induced because the substitution
of Phe—Tyr should not affect the stability of the molecule because both of the
amino acid residue (Phe and Tyr) have similar volume and hydrophobicity. Hb
Ziirich (863 (E7) His—>Arg)?~® is moderately unstable and shows some
accelerated auto-oxidation. The substantial tolerance of the red cells to Hb
Ziirich has been explained by a possible pushing out of the charged arginine
residue to the surface of the molecule. From the hematological data it is
moderately regenerative and in fact the anemia becomes evident on drug induction.
Hb Toulouse (B66(B10) Lys—Glu)*~2 involves 'the substitution of an amino
acid linked to a propionic group of heme rupturing an ionic bond in the heme
pocket. The B67(Ell) is a valine residue in Hb A which lies on the side of
E helix facing the non-polar pocket in the globin chain which contains the
heme group, and both  carbon atoms of this residue make contacts with the
heme group. Two mutations have been reported at this position El1, the
hydrophobic interior of the molecule. They are, Hb Bristol (B67(E1l) Val—
Asp)® and Hb Sydney (B67(E1l) Val—Ala).?3 The replacement of one
non-polar residue by a charged aspartyl residue as in Hb Bristol in the
hydrophobic interior of the molecule is energetically unfavourable and is likely
to produce considerable rearrangement of this part of molecule. In Hb Sydney,
alanine produces some instability of the hemoglobin molecule, this is largely due
to the loss of a polar bonds between the valyl residue and the heme group.
The clinical picture in Hb Sydney and Hb Bristol is that of chronic hemolytic
anemia, more intense in Hb Bristol not compensated even after splenectomy
than in Hb Sydney disease. This suggests that Hb Bristol is a less stable
hemoglobin than Hb Sydney which correlates well with the known amino acid
substitution in these two hemoglobinopathies.

The structural abnormality in Hb Seattle (370(E14) Ala—Asp)®**® is due
to substitution of aspartic acid for alanine which is in heme contact but located
at the surface of the molecule. This explains both the mild instability and
mild compensated hemolytic anemia observed in the propositus. The phe-
nylalanine B71(E15) forms a Van der Waals contact with heme ; its replacement
by more polar serine as in Hb Christchurch (871(E15) Phe—Ser)* would
result in greater release of heme moiety and access of water to heme pocket.
The net effect will be release of free globin, subsequent precipitation of the red
cell and oxidation to Heinz bodies formation. In Hemoglobin Béras { 588(F4)
Leu—Arg)®3® leucine has been replaced by arginine which has sufficiently long
and flexible side chain for the charged group to be carried to the exterior of
the molecule. The guanidinium group in Hb Béras can be accommodated in
a crevice at the outside of the molecule while the § carbon of the arginine can
make at least one of the two 6 carbon hydrophobic contacts which are normally
provided by leucine. Hb Caribbean [B91(F7) Leu—Arg)® is mildly unstable
hemoglobin, The leucine 891 (F7) is next to the proximal histidine (F8) and
located at the surface crevice but its side chain is directed towards the heme.
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The side chain of the incoming arginine is most probably accommodated at
this pdsition by orientation of the side chain so that the guanidinium group-is
placed at the surface of the molecule. One can als speculate that most
probably the heme contact made by F7 leucine is not fully lost in this variant
and it might still be possible for guanidinium group to interact with &-NH,
group of lysine B66 (E10).

The replacement of the proximal histidine (F8) must have serious effects
on the binding of heme group with its globin chains. The proximal histidine
(F8) is a key amino acid residue in forming a unique spatial structure in the
hemoglobin subunits by binding ferrous atom of the heme and also participating
in a,-B3,contact. Any substitution at this point is bound to affect the structural
and functional properties of Hb molecule. For example in Hb Istanbul [892(F8)
His—GIn)*” the hemoglobin is not capable of binding heme to the abnormal
globin chains and behaves as seminatural hemoglobin.® It will be interesting
to note that the replacement of histidine by aspartic acid in Hb Altgeld Gardens
(892(F8) His—Asp)*® produces a mild functional disturbance. The propositus
of Hb Altgsld Gardens presents a long life anemia otherwise asymptomatic.
Hb Mozhaisk (B92(F8) His—Arg)* was reported in Russian heterozygote in
which positively charged histidine has been replaced by similar charged arginine.
This unstable Hb exhibits altered functional properties and has only two heme
groups per tetramer. A severe anemia, jaundice and marked hepatosplenomegaly
has been reported in the carrier.

The valine B98(FG5) is one of the few invariant residues and is particularly
important because it not only forms direct contact with the heme but also
involved in a,~3, contact. Hb Kéln (398 (FG5) Val—>Met])*~* is most frequ-
ently reported unstable hemoglobin all over the world and in many ethnic
groups. The structural studies on Hb Koln has shown the replacement of
smaller valine (898) by methionine with larger side chain. This molecular
perturbation results in heme loss and increased oxygen affinity. The severe
hemolytic anemia with marked marrow expansion and bizzare blood film was
observed in a patient with Hb Nottingham (398 (FG5) Val—Gly].” The
substitution of glycine alters the heme contact because of absence of the side
chain. In Hb Nottingham glycine fails to make the contact with heme, therefore
precipitates more rapidly than Hb Koln. Hb Djelfa (398 (FG5) Val—->Ala)®®
involves the replacement of a hydrophobic amino acid by another and regarded
as mildly unstable with no clinical consequence. The carriers of Hb Tiibingen
(8106(G8) Leu—Gln)* " suffer from a mild compensatory hemolytic anemia
with mild cyanosis. The structural abnormality in Hb Tiibingen is replacement
of leucine by a polar, hydrophilic glutamine which will affect the tertiary
structure of molecule. The glutamine is a helical forming amino acid and
does not disturb the conformation but possibly will impair the heme contact
at position G8(8106). Hb Olmsted [B141(H19) Leu—Arg)®** was repoited
by Fairbanks et al. in 1969. The severe hemolysis observed in the propositus
can be explained on the basis that a non-polar residue has been replaced
by a charged residue and that would certainly result in a totally non viable
hemoglobin molecule.

Apart from the above mentioned unstable hemoglobins, there are some
other unstable variants in which one or more heme contact amino acids has
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been affected. They are Hbs Niteroi,* Gun Hill®=*> and Coventry®* which
have the deletion of one or more amino acid residues. In Hbs Biba,®
Yokohama,® Bicétre,!” Santa Ana,’®® Sabine,'” New Castle,” Southampton™
and Casper™ a proline residue has been substituted. Hb M Saskatoon™ " and
Hb M-Hyde Park™ ™ both are methemoglobins of 8 chain anomaly in which
histidine (distal or proximal) has been replaced by tyrosine. The mechanism
for their instability and related clinical effects will be discussed in the appropriate
sections of this text. (To be continued)

REFERENCES

7) Prato, V., Gallo, E., Ricco, G., Mazza, U., Bianco, G. and Lehmann, H. : Haemolytic
anemia due to Haemoglobin Torino. Br. J. Haematol. 19 : 105-115, 1970

8) Ohba, Y., Miyaji, T., Matsuoka, M., Yokoyama, M., Numakura, H., Nagata, K., Takebe,
Y., Izumi, Y. and Shibata, S. : Hemoglobin Hirosaki (243 (CE1) Phe—Leu), A new
unstable variant. Biochim. Biophys. Acta 405 : 155-160, 1975

9) Keeling, M.M., Odgen, L.L., Wrightstone, R.N., Wilson, J.B., Reynolds, C.A., Kitchesn,
J.L. and Huisman, T.H.J. : Hemoglobin Louisville (842(CD1) Phe—Leu) : an unstable
variant causing mild hemolytic anemia. J. Clin. Invest. 50 : 2395-2402, 1971

10) Bratu, V., Lorkin, P.A., Lehmann, H. and Predescu, C. : Haemoglobin Bucuresti (342
(CD1) Phe—Leu) : a cause of unstable haemoglobin haemolytic anemia. Biochim.
Biophys. Acta 251 : 1-6, 1971 ~

11) Colombo, B., Benitez, M.P., Bernini, L., Elion, J., Wajcman, H. and Labie, D. : A new
case of Haemoglobin Bucuresti in a Cuban family. Further functional studies. Med. Genet.
12 : 297-198, 1975

12) Smiley, R.K., Gravely, M.E., Wilson, J.B. and Huisman, T.H.J. : Hemoglobin Louisville
(B42(CD1) Phe—Leu). Occurring as a fresh mutation in a Canadian woman. Hemoglobin
2 : 80-90, 1978

13) Dacie, J.V., Shinton, N.K., Gaffney, P.J., Carrell, R.W. and Lehmann, H. : Hemoglobin
Hammersmith (842(CD1) Phe—Ser). Nature 216 : 663-665, 1967

14) May, A. and Huehns, E.R. : The oxygen affinity of Haemoglobin Hammersmith. Br. J.
Haematol. 30 : 185-195, 1975

15) Grimes, A.J., Meisler, A. and Dacie, J.V. : Congenital Heinz-body Anemia. Further
evidence on the cause of Heinz-body production in red cells. Br. J. Haematol. 10 : 281~
290, 1964

16) Ohba, Y., Miyaji, T., Matsuoka, M., Yamaguchi, K., Yonemitsu, H., Ishii, T. and
Shibata, S. : Hemoglobin Chiba : Hb Hammersmith in a Japanese girl. Acta Haematol.
Jpn. 38 : 53-58, 1975

17) Braconnier, F., Gacon, G., Thillet, J., Wajecman, H., Soria, J., Maigret, P., Labie, D.
and Rosa, J. : Hemoglobin Fort de France (45 (CD3) His—Arg B.). A new variant
with increased oxygen affinity. Biochim. Biophys. Acta 498 : 228-233, 1977

18) Knuth, A., Pribilla, W., Marti, H.R. and Winterhalter, K.H. : Hemoglobin Moabit :
Alpha 86 (F7) Leu—Arg. Acta Haematol. 61 : 121-124, 1979

19) Schneider, R.G., Ueda, S., Alperin, J.B., Brimhall, B. and Jones, R.T. : Hemoglobin
Sabine beta 91 (F7) Leu—Pro. An unstable variant causing severe anemiawith incl usion
bodies. N. Engl. J. Med. 280 : 739-745, 1969 -

20) Burkett, L.B., Sharma, V.S., Pisciotta, A.V., Raney, H.M. and Bruckheimer, S. : Hemo-
globin Mequon 541 (C7) Phenylalanine — Tyrosine. Blood 48 : 645-651, 1976

21) Hitzig, V.N.H., Frick, P.G., Betke, K. and Huisman, T.H.J. : Haemoglobin Ziirich, eine
neue Hemoglobinanomalie mit Sulfonamidinduzierter Innenkérperanamie. Helv. Paediatr.
Acta 15 : 499-514, 1960

22) Muller, C.J. and Kingma, S. : Hemoglobin Ziirich : @, A 8; 63Arg. Biochim. Biophys.
Acta 50 : 595, 1961

23) Winterhalter, K.H., Anderson, N.M., Amiconi, G., Antonini, E. and Brunori, M. :
Functional properties of Hemoglobin Ziirich. Eur. J. Biochem. 11 : 435-440, 1969

24) Trittelvitz, E. and Gersonde, K. : Electron resonance of nitrosyl haemoglobin. Normal

¢;t and @ chains and mutants Hb M Iwate and Hb Ziirich. Eur. J. Biochem. 51 : 33-42,
975




214

25)

26)

27

28)

29)

30)

3D

32)
33)

34)
35)

36)

37)

38)

39)

40)

41

42)
43)
44)

45)
46)

G. A. Niazi and S. Shibata

Tucker, P.W., Phillips, S.E.V., Perutz, M.F., Houtchen, R. and Caughey, W.S. : Structure
of, Haemoglobins Ziirich (His BE7(63)—>Arg) and Sydney (Val BEII(67)—Ala) and the
role of the distal residues in ligand binding. I» The Red Cells. New York, Alan R.
Liss, Inc. 1978, pp. 3-16

Labie, D., Rosa, J., Belkhodha, O. and Bierne, R. : Hemoglobin Toulouse o, B2 66
(E10) Lys—>Glu. Structure and consequence in molecular pathology. Biochim. Biophys.
Acta 236 : 201-207, 1971

Rosa. J., Labie, D., Wajcman, H., Boigne, J.M., Cabannes, R., Bierme, R. and Ruffie,
J. : Haemoglobin I Toulouse : 866 (E10) Lys—Glu. A new abnormal haemoglobin with
a mutation localized on the E10 porphyrin surrounding zone. Nature 223 : 190-191, 1969
Thillet, J., Garel, M.C., Bierme, R. and Rosa, J. : Oxidation properties of two hemoglobin
variants with their mutation localized in the heme pocket : Hb Castilla 832 (B14) Leu—
Arg and Hb Toulouse 866 (E10) Lys—Glu and abnormal functional properties. Biochim.
Biophys. Acta 624 : 293-303, 1980

Steadman, J.H., Yates, A. and Huehns, E.R. : Idiopathic Heinz-body anemia : Hb-Bristol
(867 (E11) Val-Asp). Br. J. Haematol 18 : 435-440, 1970

Carrel, R.W., Lehmann, H., Lorkin, P.A., Raik, E. and Hunter, E. : Haemoglobin
Sydney : 867 (E11) Valine—>Alanine. An emerging pattern Of unstable haemoglobins.
Nature 215 : 626-628, 1967

Stamatoyannopoulos, G., Parer, J.T. and Finch, C.A. : Physiologic implication of
hemoglobin with decreased oxygen affinity. (Hemoglobin Seattle). N. Engl. J. Med. 281 :
916-919, 1969

Kurachi, 8., Hermodson, M., Hornung, S. and Stamatoyannopoulos, G. : Structure
of Haemoglobin Seattle. Nature, New Biol. 243 : 275-276, 1973

Carrel, R.W. and Owen, M.C. : An approach to haemoglabin variant identification.
Haemoglobin Christchurch 871 (E15) Phenylalanine—Serine. Biochim. Biophys. Acta 236 :
507-511, 1971

Svensson, B. and Strand. L. : A Swedish family with haemolytic anemia, Heinz bodies
and an abnormal haemoglobin. Scand. J. Haematol. 4 : 241-248, 1967

Hollender, A., Lorkin, P. A., Lehmann, H. and Svensson, B. : New unstable haemoglobin
Boras : 688 (F4) Leucine—Arginine. Nature 222 : 953-955, 1969

Ahern, E., Ahern, V., Hilton, T., Serjeant, B.E., Seakins, M., Lang, A., Middleton, A.
and Lehmann, H. : Haemoglobin Caribbean 891 (F7) Leu—Arg : A mildly unstable
haem oglobin with a low oxygen affinity. FEBS Lett. 69 : 99-102, 1976

Aksoy, M., Erdem, 8., Efremov, G.D., Wilson, J.B., Huisman, T.H.J., Schroeder, W.A.,
Shelton, J.R., Shelton, J.B., Ulitin, O.N. and Muftuglu, A. : Hemoglobin Istanbul :
Substitution of glutamine for Histidine in a proximal Histidine (F8 (92) A8). J. Clin.
Invest. 51 : 2380-2387, 1972

Adams, J.C,, III, Przywara, K.P., Shamsuddin, M. and Heller, P. : Hemoglobin J Altgeld
Gardens (592 (F8) His—>Asp) : A new hemoglobin variant involving a substitution of the
proximal histidine. Am. Soc. Hermatol. 18th annual meeting, Dallas, Tx, 1975

Spivak, V.A., Molchanova, T.P., Postnikov, Y.U.,, Aseeva, E.A., Lutsenko, I.N. and
Todarev, Y.U. : A new abnormal hemoglobin : Hb Mozhaisk 5892 (F8) His—Arg.
Hemoglobin 6 : 169-181, 1982

Carrell, R.W., Lehmann, H. and Hutchison, H.E. : Haemoglobin Ko6ln (898 Valine—
Methionine] : and unstable protein causing inclusion-body anemia. Nature 210 : 915-916,
1966

Jacob, H.S., Brain, M.C., Dacie, J.V., Carrell, R.W. and Lehmann, H. : Abnormal haem
binding and globin SH group blockade in unstable haemoglobins. Nature 218 : 1214-1217,
1968

White, J.M. and Brain, M.C. : Defective Synthesis of an unstable haemoglobin. Haemo-
globin KoIn (898 Val-Met). Br. J. Haematol. 18 : 195-209, 1970

Wajcman, H., Byckova, V., Haidas, S. and Labie, D. : Consequences of heme loss in
unstable hemoglobins : A study of Hemogobin Ké6ln. FEBS Lett. 13 : 145-148, 1971
Miller, D.R., Weed, R.I., Stamatoyannoapoulos, G. and Yoshida, A : Hemoglobin Kéln
disease occurring as a fresh mutation : Erythrocyte metabolism and survival, Blood 38 :
715-729, 1971

Rachmilewitz, E.A. and White, J.M. : Haemichrome formation during the in vitro
oxidation of Hb KéIn. Nature 241 : 115-117, 1973

Pedersen, P.R., McCurdy, P.R., Wrightstone, R.N., Wilson, J.B., Smith, L.L. and Huisman,
T.H.J. : Hemoglobin Kéln in a black : Pre-and post splenectomy red cell survival (DF
#P and **Cr) and pathogenesis of hemoglobin instability. Blood 42 : 771-781, 1973




Unstable hemoglobins 215

47)
" 48)
49)

50)

- 5D

52)

53)

54)
55)

56)

57)

58)

59)
60)
61)
62)
63)
64)

65)

66)

67)

68)

69)

70)
71)

Woodson, R.D., Heywood, J.D. and Lenfant, C. : Oxygen transport in Hemoglobin Kd&ln.
Arch. Int. Med. 134 : 711-715, 1974

Asakura, T., Adachi, K., Shapiro, M., Friendman, S. and Schwartz, E. Mechamcal
precipitation of Hemoglobm Koln. BlOChlm Biophys. Acta 412 : 197-201, 1975

Kolski, G.B. and Miller, D.R. : Heme synthesis in hereditary hemolytic anemias.
Decreased a~aminolevulinic acid synthetase in Hemoglobin Koln disease. Pediatr.Res. 10 :
702-706, 1976

Hallen, J., Charlesworth, D, and Lehmann, H. : Haemoglobin K&ln in a Jewish family.
Acta Med. Scand. 191 : 177-180, 1972

Lie-Injo, L.E., Lopez, G.C., Eapen, J.S., Eravelly, J., Wiltshire, B.G. and Lehmann, H. :
Unstable hemoglobin Ko6ln disease in members of Malay family. J. Med. Genet. 9 : 340-
343, 1972

Ohba, Y., Miyaji, T. and Shibata, S.: Identical substitution in Hb Ube-1 and Hb Kdln.
Nature 243 : 205-207, 1973

Gordon-Smith, E.C., Dacie, J.V., Blecher, T.E., French, E.A., Wiltshire, B.G. and
Lehmann, H.: Haemoglobin Nottingham, SFG5(98)Val—Gly : New unstable haemoglobin
producing severe Haemolysis. Proc. Roy. Soc. Med. 66 : 507-508, 1973

Gacon, G., Wajcman, H., Labie, D. and Cosson, A. : A new unstable hemoglobin mutated
in B98 (FGS5) Val—Ala : Hb Djelfa. FEBS Lett. 58 : 238-240, 1975

Gacon, G., Krishnamoorthy, R., Wajcman, H., Labie, D., Tapon, J. and Cosson, A. :
Hemoglobin Djelfa 898 (FG5) Val—Ala : Isolation and functional properties of the heme
saturated form. Biochim. Biophys. Acta 490 : 156-163, 1977

Kleihauer, E., Waller, H.D., Benohr, H.C., Kohne, E. and Gelinskye, P. : Hb Tiibingen.
Eine neue S-kettenvariant (8T, 10-12), mit erhohter Spontanoxydation. Klin. Wochenschr.
48 : 651-658, 1971

Kohne, E., Kley, H.P., Kleihauer, E., Versmold, H., Benohr, H.C. and Braunitzer, G.
Structural and funct10na1 characterlstlcs of Hb Tubmgen £106 (G8) Leu—Gln. FEBS
Lett. 64 : 443-447, 1976

Fairbanks, V.F., Opfell, R.W. and Burgert, E.O. : Three families with unstable hemo-
globinopathies (Koln, Olmsted and Santa Ana) causing hemolytic anemia with inclusion
bodies and pigmenturia. Am. J. Med. 46 : 344-359, 1969

Lorkin, P.A., Lehmann, H. and Fairbanks, V.F. : The amino acid substitution in Hb
Olmsted : 8141 (H19) Leu—Arginine. Biochim. Biophys. Acta 386 : 256-259, 1975
Praxedes, H. and Lehmann, H. : Haemoglobin Niteroi-a new unstable variant. Proc. 14th
International Congress of Haematology, San Paulo, Brazil, 1972

Bradley, T.B., Wohl, R.C. and Reider, R.F. : Hemoglobin Gun Hill : Deletion of five
amino acid residues and impaired heme-globin binding. Science 157 : 1581-1583, 1967
Reider, R.F. and Bradley, T.B. : Hemoglobin Gun Hill : An unstable protein associated
with chronic hemolysis. Blood 32 : 355-359, 1968 )
Murari, J., Smith, L.L., Wilson, J.B., Schneider, R.G. and Huisman, T.H.J. : Some
properties of Hemoglobin Gun Hill. Hemoglobin 1 : 267-282, 1977

Casy, R., Lang, A., Lehmann, H. and Shinton, N.K : Double heterozygosity for two
unstable haemoglobms Hb Sydney 867 (E11) (Val-Ala) and Hb Coventry 5141 (H19)
Leu deleted. Br. J. Haematol. 33 : 143-144, 1976

Kleihauer, E.F., Reynolds, C.A., Dozy, A., Wilson, J.B., Moore, R.R., Berenson, M.P.,
Wright, C. and Huisman, T.H.J. : Hemoglobin Biba or a,!%Pro@, an unstable a chain
abnormal hemoglobin. Biochim. Biophys. Acta 154 : 220-222, 1968

Nakatsuji, T., Miwa, S., Ohba, Y., Hattori, Y., Miyaji, T., Hino, S. and Matsumoto, N. : A
new unstable hemoglobin Hb Yokohama 831 (B13) Leu—Pro, causing hemolytic anemia.
Hemoglobin 5 : 667-678, 1981

Wajcman, H., Krishamoorthy, R., Gacon, G., Elion, J., Allard, C. and Labie, D. : A new
hemoglobin variant involving the distal histidine : Hb Bicétre (863 (E7) His—Pro). J
Mol. Med. 1 : 187-197, 1976

Opfell R.W., Lorkin, P.A. and Lehmann, H. : Hereditary nonspherocytic haemolytic
anemia with post-splenectomy inclusion bodies and pigmenturia caused by an unstable
haemoglobin. Santa Ana 388 (F4) Leucine—Proline. J. Med. Genet. 5 : 292-297, 1968
Hollan, S.R., Szelenyi, J.G., Miltenyi, M., Charlesworth, D., Lorkin, P.A. and Lehmann,
H. Unstable haemoglobm disease caused by Hb Santa Ana ,888 (F4) Leu—Pro.
Haematologla 4 : 141-155, 1970

Finney, R., Casey, R., Lehmann, H. and Wakler, W. : Hb New Castle : 592 (F8) His—
Pro. FEBS Lett. 60 : 435-438, 1975

Hyde, R.D., Jones, R.T., Wiltshire, B.G. and Lehmann, H. : Haemoglobin Southampton,




216

72)

73)
74)

75)

76)

77)

78)

D. A. Niazi and S. Shibata

'3106 (G8) Leu—Pro : An unstable variant producing severe hemolysis. Lancet 2 : 1170-

1172, 1972

Koler, R.D., Jones, R.T., Bigley, R.H., Litt, M., Lovrien, E., Brooks, R., Lahey, ME
and Fowler, R. : Hemoglobin Casper : 8106 (G8) Leu—Pro. A contemporary mutation.
Am. J. Med. 55 : 549-558, 1973

Gerald, P.S. and Efron, M.L. : Chemical studies of several variants of Hb M. Proc.
Natl. Acad. Sci. U.S.A. 47 : 1758-1767, 1961

Efremov, C.D., Huisman, T.H.J., Stanulovic, M., Zuroveci, M., Duma, H., Wilson, J.B.
and Jeremic, V. : Hemoglobin M Saskatoon and Hemoglobin M Hyde Park in two
Yugoslavian families. Scand. J. Haematol. 13 : 48-60, 1974

Baine, R.M., Wright, J.M. and Johnson, M.H. : Biosynthetic evidence for instability of
Hb M Saskatoon. Hemoglobin 4 : 201-207, 1980

Stamatoyannopoulos, G., Nute, P.E., Giblett, J. and Chard, R. : Haemoglobin M Hyde
Park occurring as fresh mutation. Diagnostic, structural and genetic considerations. J.
Med. Genet. 13 : 142-147, 1976 ) o
Shibata, S., Yawata, Y., Yamada, O., Koresawa, S. and Ueda, S. : Altered erythropoiesis
and increased hemolysis in Hemoglobin M-Akita (M Hyde Park B92 His—Tyr) disease.
Hemoglobin 1 : 111-124, 1976

Shibata, S. and Iuchi, I. : Characterization of a red minor component of abnormal
hemoglobin found in Hb M Hyde Park disease. Hemoglobin 1 : 829-844, 1977




*uonew.Joy uiqojGowayow I v ueyy
GE “hE paseaaou] -Awoyosusids Jsyje pajes _ Ja3MO[s ysipems 01 I3 8z ozl 9°71L 5s  sway m‘.<+30._?w_.w.mwm a1
—uadwod sisA|owaY 943A3S 0} 91BISPOW | Anybis =
et *Awoyoausjds Joyje poyesusdwod v o1 uenessny 7z 51-8 | swey J9s+«ayd(sL3a)iLy
: ejwaue s13A|0WAY 949A3S 0} 91JISPOW : : younysasiayo ‘L1
e 1€ ‘ejwaue onAjowsay pajesuadwod piIN r 911 ueisesned  €f-6€ 0°C 9°11-L°8 3  Baway %(fmi?w.mhwwm “o1
(*sis1ad i
o€ Huranp 1deoxa aseasip dAjowsy s 11 uewJan | away m_<f_n>:>_wm.wmmm 51
PIIW)  "sisayiarp dnkjousy djuoayd
dsv«[eA(113)L99
*Awojosua|ds Jayye pajesuadwod jou .
6z elwaue D1}A[OWdY 3JIAS JUdUBRWIDG v a1 ysybua  o¢ 08 9¢ (4 tzl 0°8 1 Bway (e3eb1IN) X
1 ! i jo1stdgy “#l
i v ueyy . . n1o+sA1(013)999
87-97 a|geisun  [ewJoN _uE..oz“ Joysed youaad  oh wol (114} L Sl 3 awsy asnojnoLy ‘gl
. | . . . (SIH [2151Q) Oad+SIH(£3)£99
L9 elwaue onAjowsy aAnesauabaas AlybiH W v N youaadq €T 5°Z¢ LT1 L°0L 55 swey anedg ‘71
_ *Adeaayy spiweuoy|ns Jaaye sisk ! . . (SIH |eys1a) Bav+siH(L3)£99
se-lz —Joway 249AdS "dseas|p dnkjowsy PN | s 1 Ssims sz 8’z Lrul-Ll JS away younz °Lt
- . . W (StH [e151Q) JAL<SIH(L3)€99
SL-€L ejwaue ‘sisouelkd 55 sway uooyeNSES ‘W 0l
- Awoyosus|ds | :m_mmmmw ne<ayd (1ad)znd
-6, soye  pojesusdwod  sisAjowsy Pl VT ouewny  057SE §°6-8°9L L'EE-T°TE E'EE-€°6T 6668 STEL-S"LL os  sway (nsaunona)
3l|IASINOT 6
. uedIdWY :
*sisoueAD ‘Awojdaus|ds Joye pajes | asaueder . 49S+3Ud (1ad)zhg
9l-€1 uadwoo jou elwAUR J11AJOWRY B43ARS v o s116ug 9f (] Js awey (equyd)
- b 1 nAjowsy usti yHwsiowweH °g
*51503A00[N213eU W coc . JAL+«ayd (LD)LhY
0z jusysistad  sisiad onAjowsy 849AdS i v 111 ysybua 0s-on S 8€-TT Le 6€ (1143 9°9 Js 3w’y uonbaw 7
‘ejwaue d13A| | . oid+«nai(gLg)ley
99 —oway pajesuadwod Ajjeryaed djuoayd v v asaueder 09-0S 6°L ! sway BWERYOMOA °9
L
+ Awoyosusids 4eyje pajesuadwod 10N i . e 04d+N31(6LH)9E LD
s9 ‘ejwaue d13Adcoiayds-uou AuerpadaH , s &1 ueiseoned 11 91-8°s §'L-S79 ! swey eqidy °§
T
X ! 4 pue s . . . . Bav«na1(L4)980
8l swoupuAs onAjowsy paresuadwod plIwW | usomioa ysijanlt gl 01-9 1°0€-9°8C 0 hl-t"T1 3 [away UGEOW, “h
|
T
*saanjesy |eoibojojewsy jewsoudge °"ON uelpul "M . Bav«sIH(£3D)st0
L +uoneydioeud paseasour Ajybis [eulioN _mE..oz,V m i youaud 0z ezl 3 ewey @ouedd 9p 3404 °€
“aseasip M . . cop e na7+ayd(13D)eio
8 onAjoway o13Ad04syds-uou |eyjusbuod | v oun osoueder 11-¢ 9°LL-6"11 t'8-67L a auRy IMESOJIH T
- Awoyosusids Jape paresusdwod ! . . . . . [eA<9yd(LID)EH™
L elwaue onAOWSY SBASS O} S1249POW | + v oI ueijeyl 0z €1 + + T°TLI-Sh £€-0€ £6-26 T°11-0°6 3 euwsy oupiol 1
w3m el nw = n
2 5 o 837 3z % %3 E&¢3 ¥ 3 B 0§ 3 &3 8 3 % ¢ onmaneans
- 3 2 Tl oo 3 e Q9 g @ ~ o e g 2 < =~ 3 jueldeA
[ sy4ewad swordwAs [esruld B i o D e =x m.m T g5 3 w S a z 0 gz o
- 5 - -
g - 5 ¢ o33 g = 28 gifZ g - @ 3 55 &
a @ F =5 o € 0 = Y = S
© e G4 > 3 - 0 8 s Q < < o0 o «Q - [y S =
e aQ P m < rw m 5 5 B v = = )
! o o° 3 c « < B
' ) 23 E
|
sanjaadoad jeuonnoung
P | S10B1U0D BWAY 3y} e suonnsqns Yum suiqojBowsH sjqeisun | djqeL

L12

|




. * Awoyosusids ey a s116u - . Bav«naT1(6LH)LHLY
65°8s pojesuaduwiod jou sisAjoway 343A3S i s = ustbua o1-¢ L 8 1 ewey palsw|Oy *Z€
) *sisouehd piw ; 4 pue s uewJs _ §he .z . . u|D«na1(80)9019
Ls79s *sisAjoway pajesuadwod ajqerdeA 1ew.ioN LI usamlag o on ul oh-91 8zt s6 st s'st L'w ! sway uabuignyy *Lg
! 01d+ne1(g0)9019
, *S1S03}A20|Nd1334 i oxt uediswy . _ e ey
[V pasEsoUI YiM BlweUE J1Ajowsy S3NoV L v oI usybug O (A4 n6-Th SE-6L  0°LL-S*h Z°€-L°L . | ouwdy soah_ﬂ__wmmwww o
{
|
M (pastuiwayap) E_dwh_mey
. . z
SS“hS djgeisun  [ew.JoN + “ ¥ _mvﬂcd Youaid - 0t (ureys apis) ejv<|eA(sD4)869
i | euwdy eyplax 6z
4
| (uteys ujew)
. ! v pue s . zgto
€5 sisAjoway 2.49A2S oo usomeg us11bu3 6h L4 L-9 0°z (ureys apis) AID<[eA(sD4)86¢
“ | swsy weybuniony, 8z
, S ueyy sdewpo (uteys ureuwr)
*Awoyoaua|ds Jsyje pajes ! R Auew pue ~ . _ e zgTo
Z5-0h _uaduioo ejwaue onA[owsY 332I9poW + + LA hﬂ%ﬂ asoueder 0C70! €L 9L-L 9'ml-g7zl (ureys apis) 1BW«IeA(5D4)869
: uew.an 1 Bswsy (1-2an) uvigdx "LZ
* A|leBawousjdsoyeday ty ueyy (SIH *xoud) BJv<siH(84)z6¢
6€ podJew pue IVIPUNEr ‘BIWSUR 9JIASS _mE..oz, + Jamols ueissny - L1 sway ¥sIeyzoW, ‘97
+Awoyosus|ds Jsyye pasoadun Apybils S pue ?y ysibus 71 1 - (SIH °*X0ud) oJd<sSIH(84)z69
0L 9dipune( juaJ4JaNdaJ BlWAUR DIUOIYD j usamiag : swsy 9)3sBD MAN *G7
|
*anewoydwAse ! uedLIBWY . (SIH *x04d) dsv<StH(84)z69
8¢ asimJaylo ejwaue onAjowsy Buoj 8411 . + _ [BWJON r o Moejg 56 sway suapJen pEbUYy ‘ht
ureys-g (StH *x0ud) U|D+«SIH(84)z69
* Awoyosusids Jayje pajes N S pue 2y youaud . 3 X
1 jussqv  uo 1 4 sL-zL ' 8z sz 88 43 1'6 9°¢ sway (suuapu3 jutes)
—uadwod sisAjoway S43A3S 0} 21BIDPOW swey ou usamlag yspjanlt Inquels|y ‘gz
. 0} apoue asaueder
<vnu__“9 u..o_wm_ e uelAejsobnA . : (SIH "x04d) JAL<SIH(84)Z69
8L-9L ‘elwaue sisoueid rod yum v ueyy ueibemuon  OF S'1L 8°s 9°1¢€ 9°LT L8 S'6€ szl Sh away HE_V_N-E )
J Ja91sey Apybis uedlidWY 3Jed IPAH-W °ZT
‘swordwAs  jussqe ! spouy 0} S ueyy oo _ ~ ~ . voc- Bav<«na1(z4)169
9€ Juesqe [eotul> ON  -elqeisun Alpiw  3soure L4 1omols Anubils 1PUl "M 6E €€-0¢  67-87  £6-98  9£-6Z7 L'LL-L'6 L'9-€'C DS away uesqqIIED °1Z
:
*s||92 ped uiyum pajeyndioaad ! ue uewas oudns
61 Aipidey - Awoyoeusids Jerye poeies Soomon  usBug M oh  L9-sg 9687 S°0L-S'8 6°Z-h'Z OS owdy denerlaley o
—uadwod jou erwaue d11AjOWSY dJDARS | : :
* Awojosu ,
ueraebun
69°89 -ajds ua)ye pelesusduiod [jam ejwdue s MM c.nu_..oEq S + 1z-91 0°6 s's 5s  swey o._n_+“w_“m“uu_hwm@ 61
onAjowsy s1Adousyds-uou AueypaJdsH ! v
) w o “w3m 22 > o=y I3 w3 4 x = = = v I x 370 Q uonnusqgns
) S Pos z &g =4 g £z 2e %2 s 2 2 Q ] e c g 28 3 1weleA
) sysewaa swordwAs [edrui|d s 5 ! o 2 e=z go b 23 RE3E a z 8z g
g e i3 ° <3 83 z 28 282 ¢ < @ s 55 =&
2 z 63 > 3F Z " m S8 T < o0 o0 Q@ = a0 e [ =
@ <3 o< S w 3 7o 9 w = = 5
. 3 Qz « < B3
| & 23 a
|

| I,
mw_f_wmo.um leyornyound

812 m




