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A B S T R A C T An unstable hemoglobin variant termed
Hb Louisville, was found in four members of a Cau-
casian family, who were suffering from a mild hemolytic
anemia. The variant showed a decreased stability upon
warming at 650C and an increased tendency to dissociate
in the presence of sulfhydryl group-blocking agents. The
structural abnormality was identified as a replacement of
phenylalanyl residue in position 42 (CD1) by a leucyl
residue. Substitution of this phenylalanyl residue, which
participates in the contact with heme, by a nonpolar
leucyl residue has apparently less severe consequences
than a replacement of the same residue by a polar seryl
residue as in Hb Hammersmith.

Oxygen equilibrium studies of total hemolysate from
one Hb Louisville heterozygote indicated a decreased
oxygen affinity, a marked decrease in heme-heme inter-
action, and a normal Bohr effect. Studies with isolated
Hb Louisville were not made because it was not possible
to separate the variant from normal Hb A.

INTRODUCTION
Familial occurrence of unstable hemoglobin variants has
been reported on numerous occasions, and the structural
abnormalities in many of these have been determined
(summarized in references 1-4). The present report de-
scribes a new variant which occurred in a father and
three of his sons causing a relatively mild hemolytic
anemia.

METHODS
Hematological studies. Routine hematological examina-

tions were made by standard techniques (5). Freshly col-
lected blood samples were mailed in ice airmail special
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delivery from Louisville, Ky., to Augusta, Ga. The level of
2,3-diphosphoglycerate (2,3-DPG)' was determined on two
occasions; the method used was that described by Grisolia,
Moore, Luque, and Grady (6). Hemolysates were prepared
usually within 24 hr after collection by mixing 1 vol of
washed, packed, red cells, 1 volume of distilled water, and
0.2 vol of carbon tetrachloride for 10 min. Stroma and
other debris were removed by centrifugation at 10,000 g
for 20 min at 4°C.

Hemoglobin studies. Horizontal starch gel hemoglobin
electrophoresis at pH 9.0 was done by the method described
before (7). Chromatographic analyses were made using
columns of DEAE-Sephadex (8, 9). The per cent alkali-
resistant hemoglobin (% FAD) was determined by the
method of Betke, Marti, and Schlicht (10). The heat sta-
bility of the hemoglobin in red cell hemolysate was tested
using a modification of the method described by Grimes,
Meisler, and Dacie (11). Freshly prepared red cell hemo-
lysate was diluted with distilled water until a final hemo-
globin concentration of 200-250 mg/100 ml was reached.
5-ml portions of this diluted hemolysate were mixed with
0.5 ml 2.5 M sodium phosphate buffer, pH 6.9, and in-
cubated at 65°C for 2, 4, 6, 8, 10, and 15 min. After cooling
in ice, the precipitate was removed by centrifugation for 15
min at 5000 rpm, and the extinctions of the supernates were
determined at 523 mi using a Zeiss PMQII spectropho-
tometer (523 mi is the approximate isobestic point for
oxy-, deoxy-, and ferrihemoglobin). The presence of the
abnormal hemoglobin was also investigated by starch gel
electrophoresis of the p-hydroxymercuribenzoate (PMB)
derivatives of the hemoglobins from various members of
the family. The procedure is the same as used in a pre-
vious study (12).

Structural analyses. Isolation of the abnormal a-chain
from the hemoglobin of subject He. E. (Fig. 1) was pos-
sible after treatment with p-chloromercuribenzoate (PC-
MB) following the technique described in detail previously
(12). The precipitate, i.e. the PMB derivative of the ,B-
chain from the unstable hemoglobin variant, formed within
1 hr and was isolated by centrifugation at 8000 rpm for

'Abbreviations used in this paper: 2,3-DPG, 2,3-diphos-
phoglycerate; PCMB, p-chloromercuribenzoate; PMB, p-
hydroxymercuribenzoate; PTH, phenylthiohydantoin.
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FIGURE 1 The pedigree of family E.

20 min at 40C. The material was dissolved in about 50 ml
2% KCN and dialyzed overnight against distilled water
at 40C. Heme was removed using the acid-acetone proce-
dure of Anson and Mirsky (13). The recovery was 207 mg
dehemed chain from 4200 mg hemoglobin.

The isolated ,-chain was digested with trypsin (Worth-
ington Biochemical Corp., crystallized three times, salt-free)
at room temperature for 2 hr at pH 9.0 in a pH-stat. Tryp-
sin equal to 0.5%7 of the weight of the material was added
at zero time and again 30 min later. The insoluble mate-
rial formed at pH 6.5 was removed by centrifugation. The
pH of the supernate was lowered to 2.5 whereafter the
soluble peptides were taken to dryness by flash evaporation
at 370C. The peptides were separated by a chromatographic
procedure using a column of Dowex 50-X2 (14,15). Re-
chromatography of the Dowex 50 zones was made on
columns of Dowex 1-X2 (16). Amino acid analyses were
made with a Spinco model 121 automated amino acid ana-
lyzer equipped with high sensitivity cuvettes and an Info-
tronics integrator (Infotronics, Inc., Houston, Tex.). Sam-
ples were hydrolyzed at 1100C under reduced pressure with
6 N HCl for 24 hr.

Sequential data on one peptide were obtained by use of
the modified Edman phenylthiohydantoin (PTH) proce-
dure (17). Approximately 0.5 gmole of this peptide was
distributed over four strips of Whatman filter paper No. 1.
The PTH amino acid which resulted from the degradation
procedure was identified by paper chromatography using
solvent systems described by Schroeder, Shelton, Shelton,
Cormick, and Jones (17). The procedure has continued to
give satisfactory results in many degradations with the
possible exception of degradations involving a histidyl
residue. The insoluble core was not analyzed further.

Oxygen equilibrium analyses. These studies were made
on red cell hemolysates from the Hb Louisville heterozy-
gote He. E. and his normal wife A. E. (Fig. 1). The
hemolysates were stripped from 2,3-DPG by dialysis against
0.2 M sodium chloride for 24 hr at 4VC, followed by dialy-
sis against 0.1 M sodium phosphate buffers, pH 6.8-8.2, for
an additional 24 hr. Oxygen affinity curves were measured
at 370C by the procedures of Astrup and coworkers (18,
19) and Siggaard-Andersen, Jorgenson, and Naeraa (20).

Spectral analyses were made with a Zeiss spectrophotom-
eter, model PMQII.

RESULTS

Case report. The propositus (Fig. 1, H.E.) is a 21-
yr-old Caucasian male with parents having English and
Irish ancestry (the father) and English and American
Indian ancestry (the mother). At the age of 16, the pro-
positus was diagnosed as anemic by his family physician
and was unsuccessfully treated with various hematinics
including iron.

Physical examination revealed a slender well developed
youth. Skin and mucous membranes were quite pale, and
a slight scleral icterus was noted. The liver was palpable
and was percussed 4 cm below the right costal margin.
A nontender spleen was felt 3-4 cm below the left costal
margin. Cholecystogram, upper G.I. series, and chest
X-ray were normal; the abdominal film revealed hep-
atosplenomegaly.

The peripheral blood on admission showed: Hb 11 g/
100 ml; packed cel volume (PCV) 34%; reticulocytes
13.1%; platelets 106,000/mm3; WBC3700/mm3 (subse-
quently rose to normal and remained so on later studies)
with a normal differential. The peripheral smear revealed
aniso- and poikilocytosis of moderate degree, and a mild
hypochromia. Occasional teardrop forms, burr cells, tar-
get cells, and schistocytes were seen. A rare red cell
showed basophilic stippling. The half-life of the 'Cr-
labeled red cells was approximately 9 days (28-30 days
in normal subjects) ; there was significant hypersplenism
and sequestration.

Routine biochemical data were within normal limits
except for a low cholesterol (140 mg/100 ml), an ele-
vated serum lactate dehydrogenase (LDH) (1670 U,
100-350 U normal value), and an elevated bilirubin
(total 2.2 mg/100 ml, with direct 0.5 mg/100 ml). The
total serum vitamin Ba level was 248 ,Ag/ml (normal
100-500 ,u/g/ml) and that of serum folic acid 1.8 mgg/ml
(normal over 5 m/Lg/ml). No clinical evidence for a folic
acid deficiency was apparent. Plasma haptoglobin was
less than 1 mg/100 ml (expressed as milligrams of hemo-
globin bound with normal values ranging from 20 to
200 mg/100 ml). Serum iron was 100 Iug/100 ml. Direct
Coombs was negative as were the cold and warm ag-
glutinins. Stool was negative for blood and helminths.
The urinary and fecal urobilinogen excretion was within
normal limits; urinary porphobilinogen was negative, but
hemosiderin was present.

Family study. Patient's father (Fig. 1, He. E.) was
found to be anemic in 1943 while serving in the U. S.
Armed Forces. He was splenectomized in 1944. In our
studies he was never found to be severely anemic; his
white blood count was increased, and characteristic post-
splenectomy changes were present.
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TABLE I
Hematological Data

Hb Louisville heterozygotes Normals

Name He. E. F. E. H. E. Jo. E. A. E. K. E. C. E. M. E. J. E.
Age, yr 47 26 20 11 52 13 11 2 1
Hb, g/100 ml 13.5 13.2 13.5 11.5 13.5 13.4 12.4 12.3 12.4
PCV, % 40.2 40.5 39.3 34.3 40.9 41.3 37.6 37.5 37.3
RBC, 106/mm3 4.17 4.37 3.96 3.84 4.62 5.08 4.64 4.76 5.48
MCV, A3 96 93 99 89 90 83 82 78 68
MCH,,Aug 31.7 30.2 33.3 29.3 30.6 27.5 28.0 25.3 21.9
MCHC,% 32.3 32.6 33.1 32.2 33.8 33.2 33.9 32.6 32.7
WBC, 103/mm3 29 11.9 7.4 7.4 6.2 7.2 6.2 12.5 13.0
Reticulocyles, % - 8.6 9.5 6.8
2,3-DPG, uM/g Hb 17.6 16.3 12.4 11.8 18.3
FAD, % 1.4 3.9 -

PCV, packed cell volume; RBC, red blood cells; MCV, mean corpuscular volume; MCH,mean corpuscular hemoglobin; MCHC,
mean corpuscular hemoglobin concentration; WBC, white blood cells; 2,3-DPG, 2,3-diphosphoglycerate; FAD, alkali-resistant
hemoglobin.

The older brother (F.E.), aged 26 yr, had a palpable
nontender spleen, 4 cm below the left costal margin. He
was not anemic, and no icterus was found. His two sons
are normal.

Another brother (Jo. E.), aged 11 yr, was hospitalized
in 1967 at Children's Hospital, Louisville, Ky., with a
diagnosis of iron deficiency anemia, probably nutritional.
Since treated with iron, he has shown no response. Our
studies revealed a mild to moderately severe anemia, re-
sembling that of the propositus. His spleen was not
palpable.

The mother and two additional brothers are normal.
Hematological studies. Table I lists hematological

data on nine members of family E. No striking differ-
ences were seen between the data of the four subjects,
who are heterozygous for the abnormal variant, and
those of the normal relatives. The levels of 2,3-DPG fell
within our normal limits of 12-18 uM/g of Hb. Fetal
hemoglobin was not elevated as judged by starch gel
electrophoresis except in the subjects He.E. and H.E.
The per cent Hb F by alkali denaturation (% FAD) was
slightly elevated in these patients considering that our
normal values are usually below 1%.

Heinz bodies were easily demonstrated in the periph-
eral blood of He. E., the only member of the family who
had been splenectomized (Fig. 2). They were not present
in the other affected members until after incubation with
a redox dye. Even then, only small numbers were per-
ceptible.

Hemoglobin studies. Starch gel electrophoresis at pH
9.0 of hemolysate from nine members of family E.
showed no abnormal hemoglobin band. When the gel was
overloaded with hemoglobin from the propositus a faint,
benzidine-positive, zone was noted in the position of

a-chains. A DEAE-Sephadex chromatogram of hemo-
globin from He. E. showed normal hemoglobin zones
except for a small a-chain zone (0.6%); the Hb A2 level
was 2.5%. Addition of PMBto hemolysate from He. E.
(4 mmoles or 12 mmoles/mole of hemoglobin) resulted
in a partial precipitation of hemoglobin. Starch gel elec-
trophoresis of the supernate revealed normal Hb A and
Hb A2 (as their PMB derivatives) and an increased
amount of a band which has been identified as the PMB
derivative of free a-chains (12, 21).

The heat stability curves of the hemoglobin of hemol-
ysates from the nine members of the E. family are pre-
sented in Fig. 3. Some 35-50% of the hemoglobin from
He. E. and his three sons F.E., H.E., and Jo. E. precip-
itated after 8-10 min of incubation at 650C. The hemo-
globins from the other five subjects appear to behave
normally; the small differences are likely due to slight
variations in the technique. It is noteworthy that pre-
cipitation of the unstable hemoglobin was not observed
when the temperature of incubation was lowered to 60°C.

Structuhral studies. The amino acid composition of the
precipitate isolated after treatment of the hemoglobin
from hemolysate of He.E. with PCMB (see Methods)
gave these results (values between parentheses represent
the theoretical values for the normal P-chain): Lys 11.0
(11); His 8.7 (9); Arg 3.4 (3); Asp 13.6 (13); Thr
6.8 (7) ; Ser 5.7 (5); Glu 11.4 (11) ; Pro 6.5 (7); Gly
12.6 (13) ; Ala 15.8 (15) ; Val 15.6 (18); Met 0.8 (1);
Ile 0.9 (0); Leu 18.5 (18); Tyr 2.4 (3); Phe 7.5 (8).
These data indicate that this precipitate consists mainly
of hemoglobin P-chains. The soluble peptides in a tryptic
digest of this precipitate were separated by Dowex 50-X2
chromatography, and each Dowex 50 zone was rechro-
matographed on a column of Dowex 1-X2. The amino
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FIGURE 2 Heinz body formation in the peripheral blood of subject He. E. after exposure

to brilliant cresyl blue. The photograph was taken with an ordinary optical microscope. X 970.
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FIGURE 3 The instability of the hemoglobin from four
members of the E. f amily on warming to 650C. See text
for details. The subjects are identified in Fig. 1 and Table I.

acid compositions of these peptides are listed in Table II;
all #-chain peptides were recovered except the core
peptides T-10, T-11, and T-12, and the #T-2 peptide,
which was not obtained sufficiently pure to allow an
accurate determination. The compositions of all peptides
are consistent with those of the corresponding peptides
of the ,-chain of normal Hb A, except that of f3T-5.
This peptide contained two phenylalanyl residues (three
in the #'-chain) and two leucyl residues (one in the

nA~chain) indicating a Phe -> Leu replacement. Analysis
of a 8T-5 peptide from a normal 8-chain, made at ap-
proximately the same time and under the same condi-
tions, gave these results: Lys 1.02; Asp 3.12; Thr 1.01;
Ser 1.98; Glu 1.08; Pro 1.87; Gly 2.01; Ala 1.03; Val
1.01; Met 0.65; Leu 1.10; Phe 2.72. These data indicate
that the low recovery of phenylalanine in the 24 hr
hydrolysate of the abnormal AT-5 peptide is not due to
an incomplete hydrolysis of a possible Phe-Phe peptide
bond. Degradation of this peptide (Fig. 4) with the
PTH procedure was successful for four residues and
showed a Phe-Leu-Glu-Ser- amino terminal sequence.
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Helix C Interhelical region CD Helix D

(17) (1) (2) (3) (4) (5) (6) (7) (8) (1) (2) (3) (4) (5) (6)
41 42 43 44 45 46 47 48 49 50 51 52 53 54 55

-Phe -Leu-Glu-Ser-(Phe, Gly, Asp, Leu, Ser, Thr, Pro, Asp, Ala, Val, Met,

FIGURE 4 The amino acid sequence of the amino terminus of the 8iT-5 peptide of

(7) (1)
56 57

Gly, Asn,

Hb Louis-
ville. The numbers refer to the positions of the residues in the chain and those between
parentheses to the positions of the residues in the different helices or the interhelical region.

This result indicates that the phenylalanyl residue in
position 42 (interhelical position CD1) is replaced by a

leucyl residue. Fig. 5 presents a photograph of the
chromatogram which identifies the amino terminal res-

idue as phenylalanine and the residue in second position
as leucine. It is noteworthy that the position of the ab-
normal PT-5 in the Dowex 50 chromatogram is about the
same as that of the normal PT-5.

Oxygen equilibria. The oxygen affinity curves of the
stripped red cell hemolysates from subjects He. E. and
his normal wife, A.E., were determined in paired experi-
ments at pH values varying between 6.68 and 7.28 (at
37°C) and at a Pco2 value of 38 mmHg. Fig. 6 A pre-

sents plots of the log Po2 values vs. the log Y/(100-Y)
values according to Hill's equation: K.X" = Y/(100-Y),
where X is the Po2 (in mm/Hg), Y the oxygen

saturation (in per cent), and K and n are constants. A
minimum of five oxygen equilibria analyses were made
on each sample. Hemolysate of subject He. E. showed a

slight decrease in oxygen affinity and a considerable de-

crease in the value n which is a measure of the heme-
heme interaction. No significant difference was observed
between the Bohr effects of the two samples (Fig. 6 B).
The mean value of factor n in Hill's equation was 2.85
for normal subject A. E. and 1.85 for subject He. E. with
the Hb Louisville heterozygosity. This large difference
likely indicates that the decreased heme-heme interaction
is a significant property of this hemoglobin variant. It
was unfortunate indeed that oxygen equilibria analyses
of pure Hb Louisville were not made because of the
inability to separate the variant from normal Hb A. The
visible spectra of the hemolysates from the two subjects
were identical, and no significant formation of ferrihemo-
globin occurred during the oxygen equilibria analyses.

DISCUSSION

This study shows the presence of an abnormal hemo-
globin in four members of a Caucasian family, which
could readily be identified as a fl-chain variant with a

phenylalanine to leucine substitution in position 42. The

TABLE I I
Amino Acid Composition of Soluble Peptides from 2 hr Digest of i3-Chain of Hemoglobin Louisville*

Amino-acid T-l T-3 T-4 T-5 T-6 T-7 T-8 T-9 T-13 T-14 T-15

Lysine 1.08 0.93 1.00 1.08 1.00 1.07 1.01 1.04
Histidine 0.95 0.97 1.02 0.84 1.00
Arginine 0.93 1.01
Aspartic acid 2.18 3.10 3.04 1.04
Threonine 0.96 0.91 0.96 1.03
Serine 1.71 0.98
Glutamic acid 1.96 2.07 0.99 1.09 2.89
Proline 1.03 1.11 2.05 2.02
Glycine 2.87 1.96 1.05 2.10 1.11
Alanine 1.06 1.01 0.90 2.03 1.93 3.77
Valine 0.93 2.73 1.351 1.01 0.98 1.05 1.10 2.62§
Methionine 0.71
Leucine 0.98 1.03 1.89 1.96 3.83 1.14
Tyrosine 0.76 0.88 0.87
Phenylalanine 1.85 1.01 0.90
Tryptophane§ +
Yield, %11 32 54 16 32 20 66 28 24 22 32 40

* Data are presented as residues per molecule of peptide. Amino acids present in less than 0.1 residue are omitted.
Low recovery due to the presence of a Val-Val bond.

§ Detected by color reactions on paper (22).
The percentage yield was calculated on the basis of recovery after chromatography on Dowex 50 and subsequently on Dowex 1,

assuming 100% hydrolysis of the appropriate cleavage points during tryptic digestion.
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FIGURE 5 Results of PTH degradations at the amino terminal
residue and at residue 2 of the abnormal #T-5 peptide. Samples
from left to right are: Leu and Phe standards; amino terminal
residue of BT-5; Leu and Phe standards; residue in second posi-
tion of 8T-5, Leu and Phe standards; Pro, Leu, Val, Ala, and
Gly standards. Solvent D was used in this experiment; results
from chromatograms developed with other solvents gave com-
parable data. Photographed with MP-3 Polaroid camera.

abnormal hemoglobin could not be separated from normal
Hb A by electrophoretic and chromatographic proce-
dures. The isolation of the abnormal P-chain was only
possible because of an increased dissociation of the hemo-
globin in the presence of the PCMBreagent, which is
known to be attached to the reactive sulfhydryl groups
of the protein (23). The results from the heat lability
test also indicate the instability of the variant and sug-
gest that 30-35% of the hemoglobin of the heterozygous
subjects are of the abnormal type.

Phenylalanyl residue in position 42 or in the first posi-
tion of the region between the C and D helices of the
p-chain participates in the contacts with heme (24-26).
Substitution of this phenylalanyl residue removes a con-
tact with heme and "leaves a gap at the surface of the
heme pocket" (3). Replacement by the noncharged but
polar seryl residue, as in Hb Hammersmith (27), results
in a severe instability of the hemoglobin probably be-

cause the presence of the hydrophobic OHgroup opens
the heme pocket to water (3). The substitution in Hb
Hammersmith causes also a reduction in oxygen affinity;
moreover, the heme group may easily be lost from its
,p-chain (28-30). These observations are consistent with
the clinical condition of the Hb Hammersmith hemo-
globinopathy, which is characterized by red blood cells
with large and numerous Heinz bodies and a severe
hemolytic anemia that is unrelieved by splenectomy (27,
29).

It is interesting that replacement of the phenylalanyl
residue by the noncharged and nonpolar leucyl residue,
as in Hb Louisville, has less severe consequences. The
Hb Louisville heterozygotes suffer from a mild anemia,
and it is difficult to produce Heinz bodies in their red
cells with redox dyes except for the subject who was
splenectomized. In the heat stability test the hemoglobin
variant does not precipitate at 600C, but precipitation

2400 Keeling, Ogden, Wrightstone, Wilson, Reynolds, Kitchens, and Huisman



0.6

0.4
8

3~0.2
0
-3

c

-0.2p

E

E

I1 1.3 1.5 17
LOG PO2

FIGURE 6 Oxygen equilibria of red ce
a subject with a heterozygosity for Hb
and f rom a normal control (A. E.).
oxygen dissociation curves; (B) Bohr
of factor n. Open circles: normal hemoly
hemolysate of Hb Louisville heterozy;
2,3-DPG in these hemolysates were 3.5
mal hemolysate) and 2.5 umoles/g Hb
Louisville heterozygote) which indicate
85% of 2,3-DPG by the dialysis proce

occurs only at 650C. Hb Louisville e

able tendency to dissociate in the pre

group-blocking agents. Apparently t

leucyl substitution at position 42 (C:
creased dissociation of the tetramer i
as a weakening of the ai-,s contact to
increased monomer formation will oc

decrease in the heme-heme interacti
change in oxygen affinity of hemoglo
zygous Hb Louisville carrier suggest
alteration influences the integrity of
which is known to be important in re

of the oxygenation state of one he
affinity for molecular oxygen of a sect
the molecule (24, 25). The apparent
heme interaction of Hb Louisville is ;
a complete dissociation of the molecul
units because ultracentrifugation ana
molysate failed to show a peak with a
addition to the normal tetramer with

ACKNOWLEDGMENT!
The authors enjoyed the continuous coop
ily E. and are grateful to the family ph
O'Neill for referral, and to Dr. T. M
and interest.

B This work was supported in part by U. S. Public Health
Service grant HE-05168.

0 o

. *a a REFERENCES
1. Lehmann, H., and R. W. Carrell. 1969. Variations in the

structure of human haemoglobin, with particular refer-
ence to the unstable haemoglobins. Brit. Med. Bull. 25:
14.

2. Carrell, R. W., and H. Lehmann. 1969. The unstable
haemoglobin haemolytic anemias. Seminars Hematol. 6:
116.

3. Perutz, M. F., and H. Lehmann. 1968. Molecular path-
ology of human haemoglobin. Nature (London). 219:
902.

4. Huehns, E. R. 1970. Diseases due to abnormalities of
hemoglobin structure. Annu. Rev. Med. 21: 157.

.. 7.. .-2 A-j 5. Wintrobe, M. M. 1967. Clinical Hematology. Lea and
6.8 7.0 72 Febiger, Philadelphia. 6th edition.

pH (37*c) 6. Grisolia, S., K. Moore, J. Lugue, and H. Grady. 1969.

,11 hemolysates from Automatic procedure for the microestimation of 2,3-Lhemolysatles from
E diphosphoglycerate. Anal. Biochem. 31: 225.

(A) Examples of 7. Efremov, G. D., T. H. J. Huisman, L. L. Smith, J. B.
effects and values Wilson, J. L. Kitchens, R. N. Wrightstone, and H. R.Adams. 1969. Hemoglobin Richmond, a human hemo-gsate; closed circles: globin which forms asymmetric hybrids with other

gmoles/g Hb (nor- hemoglobins. J. Biol. Chem. 244: 6105.emole/gsa Hof Hb 8. Huisman, T. H. J., and A. M. Dozy. 1965. Studies on(hemolysate of the heterogeneity of hemoglobin. IX. The use of tris-
the removal of 80- (hydroxymethyl)aminoethane-HCl buffers in the anion-

dure. exchange chromatography of hemoglobins. J. Chroma-
togr. 19: 160.

9. Dozy, A. M., E. F. Kleihauer, and T. H. J. Huisman.
.xhibits a consider- 1968. Studies on the heterogeneity of hemoglobin. XIII.

exhibits a consider- Chromatography of various human and animal hemo-
sence of sulfhydryl globin types on DEAE-Sephadex. J. Chromatogr. 32:
he phenylalanyl to 723.
D1) causes an in- 10. Betke, K., H. R. Marti, and I. Schlicht. 1959. Estima-

tion of small percentage of foetal haemoglobin. NatureInto dimers as well (London). 184: 1877.
the extent that an 11. Grimes, A. J., A. Meisler, and J. V. Dacie. 1964. Con-

:cur. The dramatic genital Heinz-body anemia. Further evident on the
ion and the slight cause of Heinz-body production in red cells. Brit. J.
ibinfoma htero- Haematol. 10: 281.tbin from a hetero- 12. Huisman, T. H. J., A. K. Brown, G. D. Efremov.
that the structural J. B. Wilson, C. A. Reynolds, R. Uy, and L. L. Smith.
the ai-Pa2 contact, 1971. Hemoglobin Savannah (B6 (24) jB-glycine-*

lation to the effect valine): an unstable variant causing anemia with in-
me group on the clusion bodies. J. Clin. Invest. 50: 650.
ondhe3groupin Anson, M. L., and A. E. Mirsky. 1930. Protein coagula-ond heme group In tion and its reversal. The preparation of insoluble

loss of this heme- globin, soluble globin and heme. J. Gen. Physiol. 13:
Probably not due to 469.
le into smaller sub- 14. Schroeder, W. A., R. T. Jones, J. Cormick, and K.
ilyses of total he- McCalla. 1962. Chromatographic separation of peptides

on ion exchange resins. Separation of peptides from
lower sm value in enzymatic hydrolysates of the a, p, and -y chains of

a sm value of 4.36. human hemoglobins. Anal. Chem. 34: 1570.
15. Babin, D. R., W. A. Schroeder, J. R. Shelton, J. B.

Shelton, and B. Robberson. 1966. The amino acid se-
S quence of the -y chain of bovine fetal hemoglobin.

Biochemistry. 5: 1297.
)eration of the fam- 16. Schroeder, W. A., and B. Robberson. 1965. An im-
iysician Dr. Patrick proved gradient for ion exchange chromatography of
filler for assistance peptides on Dowex 1. Anal. Chem. 37: 1583.

17. Schroeder, W. A., J. R. Shelton, J. B. Shelton, J.

Hb Louisville (P842 (CD1) Phe --3 Leu): an Unstable Variant

A.E.

2401



Cormick, and R. T. Jones. 1963. The amino acid se-
quence of the -y chain of human fetal hemoglobin. Bio-
chemistry. 2: 992.

18. Astrup, P., K. Engel, J. W. Severinghaus, and E. Mun-
son. 1965. The influence of temperature and pH on the
dissociation curve of oxyhemoglobin of human blood.
Scand. J. Clin. Lab. Invest. 17: 515.

19. Astrup, P., P. Hellung-Larsen, K. Kjeldsen, and K.
Mellemgaard. 1965. The effect of tobacco smoking on
the dissociation curve of oxyhemoglobin. Investigations
in patients with occlusive arterial diseases and in normal
subjects. Scand. J. Clin. Lab. Invest. 18: 450.

20. Siggaard-Andersen, O., K. Jorgensen, and N. Naeraa.
1962. Spectrophotometric determination of oxygen satu-
ration in capillary blood. Scand. J. Clin. Lab. Invest.
14: 298.

21. Reider, R. F., F. A. Oski, and J. B. Clegg. 1969. Hemo-
globin Philly (p 35 tyrosine->phenylalanine): studies
in the molecular pathology of hemoglobin. J. Clin. In-
vest. 48: 1627.

22. Baldridge, R. C., and H. B. Lewis. 1953. Diet and the
ergothioneine content of blood. J. Biol. Chem. 202: 169.

23. Rosemeyer, M. A., and E. R. Huehns. 1967. On the
mechanism of the dissociation of haemoglobin. J. Mol.
Biol. 25: 253.

24. Perutz, M. F., J. C. Kendrew, and H. C. Watson.

1965. Structure and function of hemoglobin. II. Some
relations between polypeptide chain configuration and
amino acid sequence. J. Mol. Biol. 13: 669.

25. Perutz, M. F., M. Muirhead, J. M. Cox, and L. C. G.
Goaman. 1968. Three dimensional fourier synthesis of
horse oxyhemoglobin at 2.8 A resolution: the atomic
model. Nature (London). 219: 131.

26. Huisman, T. H. J., and W. A. Schroeder. 1970. New
aspects of the structure, function and synthesis of he-
moglobins. Crit. Rev. Clin. Lab. Sci. 1: 471.

27. Dacie, J. V., N. K. Shinton, P. J. Gaffney, Jr., R. W.
Carrell, and H. Lehmann. 1967. Haemoglobin Hammer-
smith (,842 (CD1) Phe->Ser). Nature (London). 216:
663.

28. Huehns, E. R., and A. J. Bellingham. 1969. Diseases of
function and stability of haemoglobin. Brit. J. Haema-
tol. 17: 1.

29. Shinton, N. K., H. P. Williams, and D. C. Thursby-
Pelham. 1969. Congenital Heinz-body haemolytic anae-
mia due to haemoglobin Hammersmith. Postgrad. Med.
J. 45: 629.

30. Jacob, H. S., and K. H. Winterhalter. 1970. The role
of hemoglobin heme loss in Heinz body formation:
studies with a partially heme-deficient hemoglobin and
with genetically unstable hemoglobins. J. Clin. Invest.
49: 2008.

2402 Keeling, Ogden, Wrightstone, Wilson, Reynolds, Kitchens, and Huisman


