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A B s T R A C T In a family with erythrocytosis, electro-
phoretic and chromatographic studies failed to demon-
strate a hemoglobin variant. However, the oxygen dis-
sociation curves of affected individuals were shifted to
the left of normal and this shift persisted when oxygen
equilibria were studied in 2,3-diphosphoglycerate-stripped
hemolysates. A mutant hemoglobin was evidently pres-
ent in the red blood cells of the affected persons and was
responsible for the increased oxygen affinity and erythro-
cytosis. Specific staining of tryptic peptidle maps of
P-chains from the propositus showed that peptide PT3
was positive for a sulfur-containing amino acid. Amino
acid analysis yielded a composition identical to that of
normal PT3, except that there were 2.6 residues of valine
and 0.4 residues of methionine (normal composition:
Val = 3.0, Met = 0). This suggested that the P-chains
of affected individuals consisted of a mixture of two
kinds of chains, 40% of which had a methionyl residue
in PT3. Structural studies of isolated cyanogen bromide
fragments demonstrated unequivocally that, in the ab-
normal P-chains, valine in position 20 is replaced by
methionine. The new hemoglobin mutant is designated
hemoglobin Olympia (P20 (B2) valine >methion-ine).
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INTRODUCTION

Several hemoglobin mutants have been detected because
of associated erythrocytosis in heterozygotes. The de-
lineation of the structural and functional aberrations of
these hemoglobins and the elucidation of the pathophysi-
ological basis of crythrocytosis have contributed sig-
nificantly to the understanding of molecular disease in
man (1-4). Abnormal electrophoretic or chromato-
grap)hic patterns are characteristic of all the described
mutants (4-9). We report a new variant associated
with abnormal oxygen equilibria and erythrocytosis
which was defined only after detailed structural stud-
ies on isolated globin chains. This electrophoretically
and chromatographically silent variant is designated
hemoglobin Olympia.

METHODS
Hematologic techniques and studies of erythropoietin.

Routine hematologic data were obtained using standard
techniques. Hemoglobin heat stability tests were performed
as previously described (4). The red blood cell mass in the
propositus was determined using '1Cr-labeled autologous
red cells (10). Urine specimens for erythropoietin (ESF)'
determination were collected, processed, and assayed in ex-
hypoxic polycythemic mice as previously described (11).
The biological activity in the urine concentrates was quan-
titated by direct comparison with simultaneously assayed
ESF Std B dose/response curve.

'Abbreviations used in this paper: bis-Tris, bis (2-hy-
droxyethyl) imino-tris (hydroxymethyl) methane); CM, car-
boxymethyl; CNBr, cyanogen bromide; DPG, diphospho-
glycerate; ESF, erythropoietin; IRP, International Refer-
ence Preparation; PMB, para-mercuribenzoate; TPCK, L-
(tosylamido 2-phenyl) ethyl chloromethyl ketone.
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Electrophoretic studies. Hemolysates were prepared ac-
cording to Drabkin (12). Hemoglobin electrophoresis in
starch gels was performed using Tris-EDTA-borate buffers
at pH 8.2 and 8.6, Tris-HCl buffers at pH's ranging from
8.6 to 9.3, and 0.05 M phosphate buffers in the pH range
of 6.2-7.1. Agar gel electrophoresis was done using 0.05 M
citrate buffers over a pH range of 6.0-7.0. Carboxy-hemo-
globin was treated with para-mercuribenzoate (PMB) and
electrophoresed as described by Rosenmeyer and Huehns
(13). Electrophoresis of hemoglobin chains in 6 M urea was
done as described by Chernoff and Pettit (14).

Chromatographic studies. Chromatography wlas performed
on carboxymethyl (CM) Sephadex (C-50) columns using
phosphate or Tris-maleate (15) buffer systems of various
pH's, on DEAE Sephadex columns using Tris-HCl buffer
systems (16), and on Amberlite CG-50 columns (Rohm
and Haas Co., Philadelphia, Pa.) using 0.1 M potassium
phosphate buffer, pH 7.0. Chromatography of PMB treated
carboxyhemoglobin was carried out as described by Bucci
and Fronticelli (17).

Globin and chain separation. Globin was prepared from
whole lysates by acid acetone precipitation (18) and chains
were separated following the application of globin (19) or
hemoglobin (20) to 2 X 10 cm columns of Whatman CM-52
cellulose equilibrated with 8 M urea buffers made 0.05 M
in 2-mercaptoethanol.

Cleavage with cyanogen bromide (CNBr). 58 mg of f8-
chains were cleaved by CNBr (21). The cleavage products
were dissolved in 4 ml of 1%o formic acid and eluted from
a 1.8 x 294 cm column of Sephadex G-50 (fine) with 1%
formic acid at a flow rate of 6 ml/cm2 per h. Each fraction
contained 9 ml.

Fitgerprinting. Aminoethylated (22) chains and selected
CNBr fragments were digested with trypsin (trypsin-
TPCK, Worthington Biochemical Corp., Freehold, N. J.)
(19). 2-mg portions of tryptic digests were subjected to
paper clectrophoresis in pyridine, acetic acid, and water
buffer (10: 0.4: 90 by volume) pH 6.4 (23) followed by
descending chromatography using a solvent of pyridine, iso-
amyl alcohol, and water (35: 35: 30 by volume). Peptides
were identified by staining with 0.2% ninhydrin as well as
by application of platinic iodide (sulfur-containing amino
acids), Pauly (histidine), Sakaguchi (arginine), tyrosine,
and Ehrlich (tryptophan) reagents in various sequences as
outlined by Easley (24).

For preparative purposes, peptide maps were made using
5 mg of the tryptic digest of the aminoethylated chains, and

3.5 mg of the digest of the CNBr fragments. These peptide
maps were lightly stained with 0.02% ninhydrin in acetone,
after which selected peptides were eluted (25), hydrolyzed
under vacuum in 6 N HCl at 108'C for 24 or 72 h, and sub-
jected to amino acid analysis on a Beckman 120B amino
acid analyzer.

Oxygen-hemoglobin equilibria. Oxygen dissociation curves
of whole blood were obtained at 37'C with the mixing tech-
nique of Lenfant, Ways, Aucutt, and Cruz (26). Oxygen
equilibria were determined using dialyzed or 2,3-diphospho-
glycerate (DPG) -free (27, 28) hemolysates by the auto-
mated procedure of Imai et al. (29). Equilibrium curves
were measured at 20'C using 0.2% solutions of hemoglobin
in 0.1 M phosphate buffers at pH's ranging from 6.13 to
7.86. Alkaline Bohr effects, defined as Alog P50/A pH from
pH 7.0 to 7.4 were determined from graphs relating log
P5o to pH.

RESULTS

Propositus. The propositus, a 21 yr old Coast Guard
mechanic, on entering the service at the age of 19, was
told that he had a high hematocrit. Two years later he
was admitted to the U. S. Public Health Service Hos-
pital, Seattle, because of intermittent swelling of his
lower lip and periorbital area. On admission the patient
appeared plethoric. Physical examination was normal
as was an extensive cardiac and pulmonary investigation.
Arterial blood gas values were normal (Po2 97 mmHg,
Pco2 35 mmHg, oxygen saturation 97.4%). Hemato-
logical examination showed an hematocrit of 62%, and
lersistently normal leucocyte and platelet counts. The
reticulocyte count was 2% (uncorrected). Total blood
volume, red cell volume, and plasma volume were 79.5
mll, 42.0 ml, and 37.5 ml/kg body weight, documenting
as absolute erythrocytosis. The henmoglobin-oxygen dis-
sociation curve was shifted to the left of the normal
curve. Hemoglobin heat stability did not differ from
normal.

After discharge from the hospital, on the advice of
his private physician, the patient was phlebotomized
every 2-3 wk. On re-examination one year later he was

TABLE I
Data on Hematology and Hemoglobin Function for Members of the Family with Hb Olympia

'rythro-
cytes

Individual Age

H. E. (father)
B. E. (mother)
R. E. (brother)
N. L. (sister)
L. E. (propositus)

(Jan. 1970)
(Mar. 197 1)

52
48
27
23
21

Ilb
Olympia Pbo*

Hill's
it Hh

mmHg g/100 ml
+ 6.86 2.5 17.8
- 8.54 2.8 15.2
+ 6.77 2.7 19.7
- 9.13 2.7 14.1

X 106/ Hemato- Serum ESF
mm3 crit MCH MCV MCHC Fe/TIBC excretion+

% pg ,isn' % pug/lOO mnl
5.74 .56.1 30.9 99 31.1
4.96 47.2 30.5 16 31.5
6.25 61.2 31.5 99 31.6
4.54 44.6 31.0 1(0 31.0

+ 6.76 2.6 20.7 6.95 62.0 .30.0 90.2 33.5 90/320 5.5(41.1)13.8 5.89 42.0 23.5 72 32.9 20,/491 16.0(±fi1.6)
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* Pbo = oxygen tension of hemolysates at 50% saturation. Measured at pH 7.09, 20'C.
+ Mean (iSEM) as International Reference Preparation (IRP) units/day.
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FIGURE 1 Oxygen dissociation curves determined at pH
7.09, 20'C, on solutions of unfractionated hemoglobins from
the propositus, his father and brother (Hb A + Hb Olym-
pia; solid lines) and from his mother and sister (Hb A;
broken lines). The Pw values for the hemolysates containing
Hb A + Hb Olympia range from 6.76 to 6.86 mmHg while
those for samples containing only Hb A are 8.54 and 9.12
mmHg, illustrating the increased oxygen affinity attribu-
table to the presence of Hb Olympia.

iron-deficient (serum iron 20 Ag/100 ml, TIBC 491 /lg/
100 ml, saturation 6%,,) with a normal hematocrit
(42%).

Family study. There was no history of polycythemia
in the propositus' family. Hematological investigation,
however, revealed that the father and a brother of the
propositus also had erythrocytosis; furthermore, oxygen
dissociation curves measured using hemolysates from
the three affected members of the family were shifted to
the left (Table I, Fig. 1). The father of the propositus
had suffered a myocardial infarction at the age of 51.

Hemoglobin studies. Electrophoresis of hemoglobin in
starch and agar gels at a variety of pH's, as well as
electrophoresis of globin chains and PMB-treated he-
moglobins, produced no evidence of an abnormal hemo-
globin in the red cells of the propositus. In addition,
isoelectric focusing of the propositus' hemoglobin (per-
formed by Dr. H. F. Bunn) failed to separate Hb
Olympia from Hb A. Elution profiles indistinguishable
from those of the normal controls were produced by
chromatography in DEAE Sephadex, CM-Sephadex,
and Amberlite CG-50 columns. The pattern of hemo-
globin chain elution from a CM-cellulose column in the
presence of 8 M urea was normal as was the electro-
phoretic and chromatographic behavior of PMBhemo-
globin chains.
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FIGURE 2 Map of tryptic peptides from aminoethylated P-chains of the propositus. Specific
peptides are identified by specific stains and by comparison with maps of tryptic peptides
from aminoethylated 8A-chains. The peptide pattern produced by the p-chains of the propositus
is indistinguishable from that of normal p8-chains; however, the zone normally occupied by
,8PT3 stains strongly for sulfur.
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TABLE I I
Amino Acid Compositions of Tryptic Peptides from the g-Chain'of Hemoglobin Olympia*

Ts from
Tryptic peptides from CNBr fragments 9'CB-Ia and j90CB-Ib mixture

of 6A- and
Ti T2 T3& T3b T4 Tia P'-cliains

Asp 1.03 (1) 0.99 (1) 1.89 (2) 2.08(2)
Thr 1.01(1) 0.96(1) 1.00(1) 1.03(1)
Ser 0.89 (1) 1.97 (2)
HSert 0.41(0) 0.44
Glu 2.03(2) 2.05(2) 1.03(1) 1.06(1) 2.17(2)
Pro 1.07 (1) 1.07 (1) 1.02 (1)
Gly 0.99 (1) 3.02 (3) 1.11(1) 3.05 (3)
Ala 2.01(2) 0.99 (1) 1.07 (1) 1.00(1)
Val 0.85 (1) 1.01(1) 0.97 (2) 0.98 (1) 1.83§ (2) 0.99 (1) 2.61(3)
Met (1) 0.37 (0)
Leu 1.05 (1) 0.99 (1) 1.00 (1) 1.97 (2) 0.94 (1) 1.00(1)
Tyr 0.81(1)
Phe 2.95 (3)
Tryll 1.00(1) 1.00(1)
Lys 1.05 (1) 0.97 (1)
His 0.87 (1)
HS Lact 0.60(0) 0.53
Arg 0.96 (1) 0.97(1) 0.93(1)

* Values in parenthesis refer to the amino acid compositions of the corresponding peptides in the human
PA-chain
t After exposure to cyanogen bromide, methionine is detected as homoserine and homoserine lactone.
§ Valine determined after 72 h hydrolysis.
11 Tryptophan detected on peptide maps by staining with Ehrlich reagent and in eluate from short column of
amino acid analyzer.

Elucidation of the hemoglobin abnormality. Peptide
maps prepared from tryptic hydrolysates of amino-
ethylated P-chains from the propositus were identical
to those of aminoethylated P-chains.

Specific stains for tyrosine, tryptophan, arginine, and
histidine produced identical patterns in both preparations
(Fig. 2). However, stains for sulfur-containing amino
acids indicated that, in addition to the expected sulfur-
positive peptides PT5 (methionine), PT1o, PTio-n, and
PT12a (aminoethylcysteine), the PTs zone on the proposi-
tus' map was sulfur-positive. In the absence of additional
peptides (which might indicate that the abnormal chain
contained a third residue of aminoethylcysteine), it was
tentatively concluded that a portion of the P-chains of the
propositus contained a residue of methionine in PT3.

Amino acid analysis (Table II) of PTs yielded non-
integral values for valine (2.61) and methionine (0.37).
For all other amino acids the composition was identical
to that of normal PT3. These finding indicated that one
valyl residue is replaced by one methionyl residue in
approximately 40% of the PTs peptides from the P-chains
of the propositus.

The sequence of normal PT, is

18 20 23 30
Val-Asn-Val-Asp-Glu-Val-Gly-Gly-Glu-Ala-Leu-Gly-Arg.

Valine occupies positions 18, 20, and 23; thus, in the
abnormal P-chain of the propositus, a methionyl residue
was expected in one of these three positions. The site
of the substitution was identified as follows. In the nor-
mal P-chain there is only one methionine, in position
P55. Cleavage by CNBr at this methionine residue
produces two fragments: PCB-I, containing residues
1-55, and PCB-II, containing residues 56-146. Similar
treatment of the abnormal P-chain of the propositus was
expected to produce three fragments:

PCB-Ia (residues 1-18, 1-20, or 1-23),
PCB-Ib (residues 19-55, 21-55, or 24-55), and
PCB-II (residues 56-146).

The small sizes of PCB-Ia and PCB-Ib permitted their
isolation by gel filtration (Fig. 3). Peak 1 contains un-
digested P-chains and fragments of molecular weight
in excess of 10,000; peak 2 contains the PCB-II frag-
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FIGURE 3 Separation of the products of CNBr digestion
of #-chains from the propositus. Peak 1: uncleaved material
in excess of 10,000 molecular weight; peak 2: pCB-II from
pA and 8-Olympia chains; peak 3: pCB-I from ,3A chain;
peak 4: pCB-Ia and pCB-Ib from p-Olympia chain (see
text).

ments, i.e., residues 56-146 from both normal and ab-
normal chains; peak 3 contains pCB-I fragments from
the normal chains; peak 4 contains the pCB-Ia and
pCB-Ib fragments from the abnormal P-chains.

Peptide maps prepared from the material in peak 4
produced the pattern shown in Fig. 4. In these maps,
instead of PT3, two new peptides appeared, marked PT3a
and PTsb. Amino acid analyses of all peptides yielded
the results shown in Table II. PT1, PT2, PT4, and PT~a
are clearly identified. PT3a contained 0.97 valyl, 1.03
aspartyl, and 1.01 methionyl (as homoserine plus
homoserine lactone) residues, corresponding to a se-
quence Val-Asn-Met. PT3b, on the other hand, had
exactly the amino acid composition expected for a pep-
tide containing the last 10 residues of PTT3. Thus, the
specific splitting at methionyl residues by CNBr and
the amino acid compositions of PT3a and PT3b unequivo-
cally located the abnormality at residue p20. Hemoglobin
Olympia thus differs from hemoglobin A by the sub-
stitution of methionine for valine at position p20.

Functional studies. The Pm value using whole blood
from the propositus was 18.6 mmHg (normal: 26.8±
0.6 mmHg at pH 7.4); the alkaline Bohr effect was

- 0.57. PN values for dialyzed hemolysates from the
propositus and his affected relatives differed from nor-

mal to the same extent as did those for whole blood (Ta-
ble I; Fig. 1). The Bohr effect in hemolysates was in
the normal range (Fig. 5). Hill plots and coefficients
(n) were similar for all hemolysates from normal and
affected members of the family (Table I).

Removal of 2,3-DPG from lysates produced the ex-

pected shifts in oxygen dissociation, curves. In 0.1 M
bis-Tris, pH 7.08, the Pmo for stripped Hb A was 2.02
mmHg at 200C. Under the same conditions, the hemo-
globin from the propositus showed an average P5m of
1.46 mmHg (1.38-1.64 mmHg from four independent

determinations). Thus the relative affinities of Hb A
and the propositus' hemoglobin stand in much the same
relationship to one another both before and after DPG
stripping, indicating that there is no detectable differ-
ence in DPGeffect between mixtures of Hb A and Hb
Olympia and normal hemolysates.

Regulation of erythropoiesis. Prior to the phleboto-
mies, ESF excretion in the propositus average 5.5 In-
ternational Reference Preparation (IRP) units/day,
within the normal range but slightly above the mean in
this laboratory for males of similar age (11). 1 yr later,
at a hematocrit of 42, ESF excretion averaged 16.0 IRP
units/day, four times the normal mean (Fig. 6).

DISCUSSION
Familial occurrence of erythrocytosis was noted at the
beginning of this century and several pedigrees with
this defect have been reported (30). In a number of
families, transmission patterns and proportions of af-
fected to nonaffected individuals are compatible with a
recessively inherited defect; in others, erythrocytosis
shows a dominant pattern of inheritance (30). In re-
cent years, studies of families with dominantly inherited

CS

El ectrophoresis

to
E0
CY$

-1I+
FIGURE 4 Peptide map of tryptic digest of material eluted
in peak 4, Fig. 3. Peptides are numbered according to their
position in the B-Olympia chain, based on analogy with the
known sequence of peptides in the pA-chain.
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FIGURE 5 Bohr effects in hemolysates containing only Hb
A (upper curve; 0 subject N. L., A subject B. E.) and
Hb A+ Hb Olympia (lower curve; 0 subject H. E., E]
subject R. E., A propositus). The extent to which the two
curves are congruent is a strong indication that there are
no differences in Bohr effect between the two kinds of
hemoglobin solutions. In the case of Hb A alone the Bohr
effect between pH 7.0 and 7.4 is - 0.52 while that for Hb
A + Hb Olympia is - 0.53.

erythrocytosis have established hemoglobinopathy as
the main etiologic possibility (4-9). Thus far, in all
the families with hemoglobinopathic erythrocytosis, an
abnormal hemoglobin was readily demonstrable with
electrophoretic or chromatographic techniques (4-9).
This, however, is not necessary for diagnosis. It has
been estimated that of the 2,200 possible amino acid
substitutions in adult hemoglobin, only about one-third
will produce alterations in the electrical charge of the
protein (31). Thus, when a mutant hemoglobin is as-
certained through abnormal function, there is a high
probability that the underlying molecular lesions will not
be associated with abnormal electrophoretic or chromato-
graphic behavior. This is amply demonstrated in the case
of hemoglobin Olympia where a battery of chromato-
graphic and electrophoretic methods failed to demon-
strate a hemoglobin abnormality. The clue to hemo-
globinopathy in this family was the increase in oxygen
affinity of blood from the propositus and lysates from
the propositus and members of his immediate family.
Two types of defects may produce such functional ab-
normalities in the red cells: a mutant hemoglobin or
an alteration in the intracellular level of DPG. The
latter possibility was rendered unlikely in this in-
stance, since the relative differences between the oxy-
gen dissociation curves of the hemolysates of the pro-
positus and normal individuals persisted after stripping
of DPG. Thus, the presence of an abnormal hemoglobin
remained as the only possible explanation of the ab-
normal red cell function and this was documented by the
structural study of the P-hemoglobin chains.

From the Perutz model of cooperative interactions in
hemoglobin (32) it can be deduced that the oxygen
affinity of a mutant hemoglobin will be altered as a re-

sult of the amino acid substitution if the conformation
around the oxygen binding sites is distorted, the ability
of specific residues to bind hydrogen ions or DPG is
abolished, or the allosteric equilibrium between the
tertiary or quaternary oxy- and deoxyhemoglobin struc-
tures is affected. Such effects have been substantiated by
model building (1, 2) or documented by X-ray crystal-
lographic analysis (33-36) of high or low affinity mu-
tants. In the case of Hb Olympia, it is not possible to de-
duce similar relationships between structure and func-
tion, for there is no special function attributable to
residue 20P (B2 in the helical notation [37]) in normal
hemoglobin (32, 38-40). The structural change in-
volves a residue located on the surface of the polypeptide
(41), which is not implicated in the allosteric interac-
tions between subunits. It is possible, however, that the
hydrophobic side chain of methionine at 20p may pro-
trude into the interior of the subunit or that the bulk of
this side chain, containing a relatively large sulfur atom,
may distort the overall configuration of this portion of
helix B thus affecting other sites having a role in sub-
unit interactions.

The physiological effects of the Olympia mutation
closely resemble the established pattern of other ab-
normalities with increased oxygen affinity. ESF pro-
duction in the propositus was at least normal at an ele-

30-

20-

qg

I~ 0

qj

35 40 45 50 55 60
Hematocrit

FIGURE 6 ESF/hematocrit relationship derived from data
obtained from the propositus. ESF excretion data are shown
as the mean (±SEM) plotted against the mean hematocrit.
The 3 days of observations which comprise the average
values of high and low hematocrits are indicated. Hormone
excretion is expressed as IRP units/day.
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vated hematocrit and hormone excretion was shown to
be reciprocally related to alterations in the oxygen
carrying capacity of the blood. In normal subjects made
anemic through phlebotomy, ESF excretion of 16 U/day
would be expected at a hematocrit of 25-30% (11).
The patient with Hb Olympia excreted this amount of
ESF at a hematocrit of 42%, thus demonstrating that
he was functionally anemic. The findings in the proposi-
tus of this family demonstrate that persons having a
hemoglobin with increased oxygen affinity may present
with normal red cell mass when they are anemic and
indicate that careful hematological study and assessment
of ESF production are necessary before the absence of
erythrocytosis in a carrier of a hemoglobin with in-
creased oxygen affinity is attributed to unknown causes
(42).

ACKNOWLEDGMENTS
This investigation was supported by grants GM15253, RR
00166 and HE-20642 from the National Institutes of Health,
U. S. Public Health Service and Federal Health Program
Service Grant OY-72-3-70.

REFERENCES
1. Perutz, M. F., and H. Lehmann. 1968. Molecular path-

ology of human haemoglobin. Nature (Lond.). 219: 902.
2. Morimoto, H., H. Lehmann, and M. F. Perutz. 1971.

Molecular pathology of human hemoglobin: stereochemi-
cal interpretation of abnormal oxygen affinities. Nature
(Lond.). 232: 408.

3. Stamatoyannopoulos, G., A. J. Bellingham, C. Lenfant,
and C. A. Finch. 1971. Abnormal hemoglobins with
high and low oxygen affinity. Annu. Rev. Med. 22:221.

4. Adamson, J. W., J. T. Parer, and G. Stamatoyannopou-
los. 1969. Erythrocytosis associated with hemoglobin
Rainier: oxygen equilibria and marrow regulation. J.
Clin. Invest. 48: 1376.

5. Charache, S., D. J. Weatherall, and J. B. Clegg. 1966.
Polycythemia associated with a hemoglobinopathy. J.
Clin. Invest. 45: 813.

6. Jones, R. T., E. E. Osgood, B. Brimhall, and R. D.
Koler. 1967. Hemoglobin Yakima. I. Clinical and bio-
chemical studies. J. Clin. Invest. 46: 1840.

7. Reed, C. S., R. Hampson, S. Gordon, R. T. Jones, M. J.
Novy, B. Brimhall, M. J. Edwards, and R. D. Koler.
1968. Erythrocytosis secondary to increased oxygen
affinity of a mutant hemoglobin, hemoglobin Kempsey.
Blood. 31: 623.

8. Hamilton, H. B., I. Iuchi, T. Miyaji, and S. Shibata.
1969. Hemoglobin Hiroshima (p143 histidine -) aspartic
acid): a newly identified fast moving beta chain variant
associated with increased oxygen affinity and compen-
satory erythremia. J. Clin. Invest. 48: 525.

9. Boyer, S. H., S. Charache, V. F. Fairbanks, J. E.
Maldonado, A. Noyes, and E. E. Gayle. 1972. Hemo-
globin Malmt6 p-97 (FG-4) histidine ->glutamine: a
cause of polycythemia. I. Clin. Invest. 51: 666.

10. Donohue, D. M., A. G. Motulsky, E. R. Giblett, G. Pir-
zio-Biroli, V. Viranuvatti, and C. A. Finch. 1955. The
use of chromium as a red-cell tag. Br. J. Haematol. 1:
249.

11. Adamson, J. W. 1968. The erythropoietin/hematocrit
relationship in normal and polycythemic man: implica-
tions of marrow regulation. Blood. 32: 597.

12. Drabkin, D. L. 1946. Spectrophotometric studies. XIV.
The crystallographic and optical properties of the hemo-
globin in man in comparison with those of other species.
J. Biol. Chem. 164: 703.

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

14. Chernoff, A. I., and N. M. Pettit, Jr. 1964. The amino
acid composition of hemoglobin. III. A quantitative
method for identifying abnormalities of the polypeptide
chains of hemoglobin. Blood. 24: 750.

15. Dozy, A. M., and T. H. J. Huisman. 1969. Studies on
the heterogeneity of hemoglobin. XIV. Chromatography
of normal and abnormal human hemoglobin types on
CM-Sephadex. J. Chromatogr. 40: 62.

16. Huisman, T. H. J., and A. M. Dozy. 1965. Studies on
the heterogeneity of hemoglobin. IX. The use of tris-
(hydroxymethyl) aminomethane-HCl buffers in the anion-
exchange chromatography of hemoglobins. J. Chroma-
togr. 19: 160.

17. Bucci, E., and C. Fronticelli. 1965. A new method for
the preparation of a and , subunits of human hemo-
globin. J. Biol. Chem. 240: PC551.

18. Rossi-Fanelli, A. R., E. Antonini, and A. Caputo. 1958.
Studies on the structure of hemoglobin. I. Physiochemi-
cal properties of human globin. Biochim. Biophys. Acta.
30: 608.

19. Clegg, J. B., M. A. Naughton, and D. J. Weatherall.
1966. Abnormal human haemoglobins. Separation and
characterization of the a and P chains by chromatog-
raphy, and the determination of two new variants, Hb
Chesapeake and Hb J (Bangkok). J. Mol. Biol. 19: 91.

20. Clegg, J. B., M. A. Naughton, and D. J. Weatherall.
1968. Separation of the a and p-chains of human haemo-
globin. Nature (Lond.). 219: 69.

21. Nute, P. E., and B. Sullivan. 1971. Primate hemo-
globins: their structure, function, and evolution. I.
Amino acid compositions of the tryptic peptides from
the beta chain of Cebus albifrons. Comp. Biochem.
Physiol. 39B: 797.

22. Jones, R. T. 1964. Structural studies of aminoethylated
hemoglobins by automatic peptide chromatography. Cold
Spring Harbor Symposium on Quantitative Biology. 29:
297.

23. Baglioni, C. 1961. An improved method for the finger-
printing of human hemoglobin. Biochim. Biophys. Acta.
48: 392.

24. Easley, C. W. 1965. Combinations of specific color re-
actions useful in the peptide mapping technique. Bio-
chim. Biophys. Acta. 107: 386.

25. Sanger, F., and H. Tuppy. 1951. The amino acid se-
quence in the phenylalanyl chain of insulin. I. The
identification of lower peptides from partial hydroly-
sates. Biochem. J. 49: 463.

26. Lef ant, O., P. Ways, C. Aucutt, and J. Cruz. 1969.
Effect of chronic hypoxia on the 0-Hb dissociation
curve and respiratory gas transport in man. Resp. Phys-
iol. 7: 7.

27. Benesch, R., R. E. Benesch, and C. I. Yu. 1968. Re-
ciprocal binding of oxygen and diphosphoglycerate by
human hemoglobin. Proc. Natl. Acad. Sci. U. S. A. 59:
526.

348 Stamatoyannopoulos, Nute, Adamson, Bellingham, and Funk



28. Benesch, R. E., R. Benesch, and C. I. Yu. 1969. The
oxygenation of hemoglobin in the presence of 2,3-di-
phosphoglycerate. Effect of temperature, pH, ionic
strength, and hemoglobin concentration. Biochemistry.
8: 2567.

29. Imai, K., H. Morimoto, M. Kotami, H. Watari, W.
Hirata, and M. Kuroda. 1970. Studies on the function
of abnormal hemoglobins. I. An improved method for
automatic measurement of the oxygen equilibrium curve
of hemoglobin. Biochim. Biophys. Acta. 200: 189.

30. Stamatoyannopoulos, G. 1972. Familial erythrocytosis. In
The Clinical Delineation of Birth Defects. D. Bergsma,
editor. Williams and Wilkins Company, Baltimore, Md.
14.

31. Lehmann, H., and R. W. Carrell. 1969. Variations in
the structure of human haemoglobin-with particular
reference to the unstable haemoglobins. Br. Mled. Bull.
25: 14.

32. Perutz, M. F. 1970. Stereochemistry of cooperative
effects in haemoglobin. Nature (Lond.). 228: 726.

33. Greer, J., and M. F. Perutz. 1971. Three dimensional
structure of haemoglobin Rainier. Nat. New Biol. 230:
261.

34. Greer, J. 1971. Three-dimensional structure of abnormal
human haemoglobins Chesapeake and J Capetown. J.
Mol. Biol. 62: 241.

35. Greer, J. 1971. Three-dimensional structure of abnormal
human haemoglobins Kansas and Richmond. J. Mol. Biol.
59: 99.

36. Perutz, M. F., P. del Pulsinelli, L. Ten Eyck, J. V.
Kilmartin, S. Shibata, I. Iuchi, T. Miyaji, and H. B.
Hamilton. 1971. Haemoglobin Hiroshima and the mecha-
nism of the alkaline Bohr effect. Nat. New Biol. 232:
147.

37. Perutz, M. F. 1965. Structure and function of haemo-
globin. I. A tentative atomic model of horse oxyhaemo-
globin. J. Mol. Biol. 13: 646.

38. Perutz, M. F., H. Muirhead, J. M. Cox, and L. C. G.
Goaman. 1968. Three-dimensional Fourier synthesis of
horse oxyhaemoglobin at 2.8 A resolution. II. The
atomic model. Nature (Lond.). 219: 131.

39. Muirhead, H., and J. Greer. 1970. Three-dimensional
Fourier synthesis of human deoxyhaemoglobin at 3.5 A
resolution. Nature (Lond.). 228: 516.

40. Bolton, W., and M. F. Perutz. 1970 Three dimensional
Fourier synthesis of horse deoxyhaemoglobin at 2.8 A
resolution. Nature (Lond.). 228: 551.

41. Perutz, M. F., J. C. Kendrew, and H. C. Watson. 1965.
Structure and function of haemoglobin. II. Some rela-
tions between polypeptide chain configuration and amino
acid sequence. J. Mol. Biol. 13: 669.

42. Yamaoka, K. 1971. Hemoglobin Hirose: a2p237 (C3)
tryptophan yielding serine. Blood. 38: 730.

Hemoglobin Olympia .349


