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ABSTRACT A striking history of familial polycy-
themia led to a search for an abnormal hemoglobin,
None could be demonstrated by routine electrophoretic
methods, but the propositus’ hemolysate had increased
oxygen affinity. Manipulation of the conditions of elec-
trophoresis, and chromatographic methods, permitted
identification of hemoglobin Malmé. Studies of he-
molysates demonstrated a normal Bohr effect, decreased
heme-heme interaction (»# =1.58), and a p50 of 1.3
mm Hg at 10°C and pH 7.2. The amino acid substitu-
tion occurs in the same position (FG-4) as that of
hemoglobin Chesapeake, but in the B-chain rather than
the e-chain. The two types of hemolysate have different
pathophysiologic properties, and carriers of hemoglobin
Malmé exhibit more striking hematologic abnormalities.

INTRODUCTION

Abnormal hemoglobins are now included in most house-
officers’ lists of causes of secondary polycythemia, but
hemoglobin electrophoresis is often the only technique
used to detect their presence. Until recently, all abnor-
mal hemoglobins associated with polycythemia have had
abnormal electrophoretic mobility (Table 1) (1-13),
but that finding reflects ease of detection rather than a
necessary property of the hemoglobin molecule. Hemo-
globins have been suspected to be causes of polycythemia
but proof of abnormal molecular structure has been
thwarted by inability to identify the aberrant compo-
nent (12 and personal communication from Dr. Lokich).

We have encountered a kindred with hemoglobin
Malmé (Malmé), previously found in four generations
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of a polycythemic Swedish family by Lorkin, Lehmann,
Fairbanks, Berglund, and Leonhardt, but described only
in abstract form (11). In our family, abnormal oxygen
affinity of the propositus’ blood indicated that an ab-
normal hemoglobin must be present, but none was de-
tected by conventional electrophoretic screening tech-
niques. The anticipated abnormality was found by
chromatographic procedures, and subsequently the con-
ditions of electrophoresis were altered to permit its
detection by that means as well. Analyses of structure
and function of the abnormal hemoglobin are reported
here. Descriptions of the clinical status of carriers are
published elsewhere.?

METHODS

Hematologic examinations were performed in Rochester, and
are reported with the clinical data. Blood samples, collected
in anticoagulant citric acid dextrose solution and packed in
ice, were sent by air to Baltimore for structural and func-
tional analyses. All samples arrived in excellent condition
within 24 hr of shipment. Except as indicated, electrophoresis
on acrylamide gel, starch gel, cellulose acetate, and agar
(citrate buffer, pH 6.0), and denaturation by heat, were
performed by standard methods. Details of structural analy-
ses are presented in legends of figures.

Because of delay between sampling and analysis, oxygen
affinity of whole blood could not be measured. Accordingly,
analysis was limited to toluene extracts which had been
dialyzed overnight against 0.1 M phosphate buffers (1).
Blood samples from normal controls and from carriers of
hemoglobin Chesapeake (Chesapeake) were obtained in Bal-
timore and studied in the same fashion.

RESULTS

The propositus was a member of a large family in which
erythrocytosis occurred in at least 21 individuals. His

*Fairbanks, V. F., J. E. Maldonado, S. Charache, and
S. H. Boyer. 1971. Familial erythrocytosis due to a hemo-
globin with impaired oxygen dissociation (hemoglobin
Malmé, a:8:" '*). Mayo Clin. Proc. 46: 723.
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TaBLE I
Hemoglobins with Increased Oxygen Affinity

Electrophoretic Hemoglobin concentration
mobility,
Hemoglobin Substitution pH 8.6 Men Women Reference
£8/100 ml
Chesapeake a-92 arg — leu Fast 15.3-19.9  14.9-18.0 1
J Cape Town a-92 arg — gln Fast 13.7 14.6-16.6 2,3
Yakima B-99 asp — his Slow 16.5-22.9_g 15.9-18.2 4
Kempsey B-99 asp — asn Slow 17.2-21.3  17.3-20.2 5
Ypsi B-99 asp — tyr Slow* 18-19 12-17 6,7
Hiroshima B-143 his — asp Fast — 11.2-174 8
Rainier B-145 tyr — cys Slow} 21.0 16.2-16.4 9, 10
Bethesda B-145 tyr — his Slow} 20.5 — 7, 10
Malmé B-97 his — gln Normal 17.1-21.3 14.3-18.4 11, §
Brigham Unknown Normal 16.8-20.0 15.1-18.9 12|
Little Rock B-chain Normal 23 — 139

* Multiple bands.
I Agar.
§ See footnote 1 in text.

|| Personal communication from Dr. J. J. Lokich.

4 Personal communication from Dr. P. A. Bromberg.

hemolysate was normal after agar electrophoresis. Hemo-
globin mobility appeared slightly abnormal after electro-
phoresis on acrylamide gel, cellulose acetate, and starch
gel using a standard buffer system, but considerable ex-
perience was required for that distinction (Fig. 1, top).
Much better discrimination could be achieved after
starch gel electrophoresis in a specially modified buffer
(Fig. 1, bottom). 19 members of the family were found
to have abnormal patterns. In most instances, this ab-
normality was confirmed by chromatographic analysis
as described below. With the exception of one woman
who had hypochromic red cells secondary to many
phlebotomies, all carriers were moderately polycythemic,
and had higher hematocrit values than carriers of Chesa-
peake (Fig. 2).

Analyses of structure. The abnormal hemoglobin
could not be separated by heat precipitation. Its pres-
ence could be recognized after chromatography on
DEAE-Sephadex (Pharmacia Fine Chemicals, Piscata-
way, N. J.), but separation from hemoglobin A was
not precise enough for quantitative measurement (Fig.
3). The relative amount of the abnormal B-chain could,
however, be estimated by chromatography of globin in
8 M urea (16) and subsequent integration (by weigh-
ing) of continuous absorbance recordings (Fig. 4, upper
right insert). Among 18 individuals, the average propor-
tion of Malmo B-chains was 48.09% (sp 0.43), before
correction for “pre-peak” artifacts.”

2 Although the nature of pre-peaks is unknown, they are
found during almost all chain separations. Their position of
elution varies with the position of main peaks in a variety

The site of mutation in the abnormal hemoglobin was
defined using partially purified samples prepared by
DEAE-Sephadex chromatography (Fig. 3, Pool-4). The
abnormal S-chain was purified (Fig. 4), aminoethylated,
digested with trypsin, and its peptides were separated by
fingerprinting. Among all the tryptic peptides, only
B-11 was abnormal (Fig. 5): it was shifted to a more
anodal position, suggesting loss of about one electrostatic
charge measured at pH 4.7. Amino acid analysis indi-
cated that the abnormal B-11 lacked one histidine and
had gained either an extra glutamine or glutamic acid
residue (Table IT). A parallel result was obtained from
analysis of amino acids in the whole chain (Table III).

The exact position of mutation in peptide B-11 was
established by subtractive Edman degradation. As shown
in Fig. 6, histidine was absent from its usual position
at B-97 and replaced by glutamic acid or glutamine. Dis-
tinction between these two amino acids was made by
digestion with leucine aminopeptidase (LAP).> This
enzyme, unlike the HCl used for hydrolysis in other
studies, does not convert amides, e.g. glutamine, to free
acids, e.g., glutamic acid. After digestion with LAP
for 30 and for 70 min, the three amino acids released in

of mutant hemoglobins (Boyer, S. H., unpublished observa-
tions), and their peptide maps are indistinguishable from
that of the immediately following main peak. In the present
study, the pre-g*-peak of A/A homozygotes contained about
18% of the mass in the main peak. Using this factor, the
;go;rected” proportion of Malmé in heterozygotes averaged

5%.

® Abbreviations used in this paper: LAP, leucine amino-
peptidase ; p50, oxygen pressure required for 50% saturation.
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Figure 1 Starch gel electrophoresis of hemoglobins stained
with amido-black 10B after application of 5 v/cm for 20 hr.
In each display, anode was at top of section. Upper gel was
performed in a conventional EDTA-boric acid-Tris buffer,
i.e. EBT (14), at pH 85. In the lower gel, the buffer was
changed to 0.001 m EDTA, 0.025 M boric acid, and 0.025 M
Tris, giving a final pH of 8.28. Samples (5 mg/ml of cyan-
methemoglobin) are: 1, isolated hemoglobin S; 2, hemo-
globin A in hemolysate from a normal sibling; 3, hemo-
globins A and Malmd in hemolysate from propositus; 4,
hemoglobin A in hemolysate from another normal sibling;
5, partially purified hemoglobin Malmé (Fig. 3, Pool-4) ; 6,
hemoglobins A and Malmé in hemolysate from another car-
rier; and 7, isolated hemoglobin A from a normal subject.

highest yield were leucine, an amide, and valine. Since
digestion with LAP proceeds from the free amino ter-
minus of a peptide, the results of these digestions cou-
pled with the findings of the Edman degradations firmly
establish that the substitution penultimate (position
B-97) to the amino terminus of variant peptide p-11 is
histidine — glutamine. Thus, the abnormal hemoglobin
in this family is the same as that reported from Malmo
by Lorkin et al. (11).

The substitution of glutamine for histidine in Malmo
nicely accounts for its essentially normal electrophoretic
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Ficure 2 Comparison of hematocrit values of adult carriers
of hemoglobins Malmé and Chesapeake. One carrier of
Malmo, who had hypochromic red cells secondary to many
phlebotomies, is omitted.

mobility at the pH of 8.5-8.6 employed in conventional
hemoglobin electrophoresis. In that pH range, the imid-
azole side chain of histidine is nearly uncharged, and
replacement by glutamine effectively produces little
change. At slightly lower pH (Fig. 1), the imidazole
group becomes more positively charged and Malmo
can then be electrophoretically distinguished from hemo-
globin A.

Analyses of function. Oxygen affinity of the pro-
positus’ hemolysate was increased (the p50, i.e. oxygen
pressure required for 509 saturation, was decreased
to 1.3 mm Hg at 10°C and pH 7.2), and varied in
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MILLILITERS EFFLUENT

Ficure 3 Column (1.5 X 20 cm) chromatographic separation on DEAE-
Sephadex (A-50, Pharmacia Fine Chemicals, Inc.) of 15 mg whole hemoly-
sate from propositus using gradient elution (pH 8.00-7.60) at 14 ml/hr
with 0.05 M Tris-HCl, 0.001 m KCN buffers (15). Sample and column
were equilibrated with pH 8.5 buffer before application.
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FiGure 4 Column (0.9 X 10 cm) chromatographic separation of globin from pool 4
(Fig. 3) on carboxymethyl cellulose (Whatman CM 32) as described by Clegg, Naugh-
ton, and Weatherall (16). The S-chain of Malmé is eluted before the g-chain of residual
hemoglobin A. Arrows above A-g and a denote peak of principal components from hemo-
globin A separated simultaneously on a parallel column. Upper right inset represents

corresponding analysis of 40 mg of whole hemolysate from propositus.

normal fashion with changes in pH, i.e., the Bohr effect
(Aln p50/ApH = — 1.27, sE 0.27) did not differ from
that of hemoglobin A (A In p50/A pH = — 1.35, sE 0.15)
(Fig. 7). The dissociation curve had a more hyperbolic
shape than normal, indicating that heme-heme interac-
tion was decreased. Differences in the shape of curves
are most easily compared if they are plotted according
to the logarithmic form of Hill’s equation (20) (Fig. 8).
Normal hemoglobin should yield a straight line with a
slope (#, or Hill'’s constant) of about 3; a completely
hyperbolic curve, with no heme-heme interaction, has a
slope of 1. Straight lines were fitted to experimental data
by the method of least squares: the mean value of » for
whole hemolysates containing Malmé was 1.58 with a
standard deviation of 0.22 (18 samples) (Fig. 8). Hill’s
.constant for normal hemolysates, calculated in the same
fashion, was #=2.86 (sp 0.27, 12 samples). Data ob-
tained on hemolysates from carriers of Chesapeake were
not randomly clustered about the line obtained in this
fashion, but appeared to fall on a biphasic curve (Fig.
8). When straight lines were fit, by eye, to the two
portions of these curves, their approximate slopes av-
eraged 2.76 and 1.30 (eight samples) (Fig. 9).

In an attempt to study the properties of pure Malmo,
the propositus’ hemolysate and that of a normal control
were each subjected to starch block electrophoresis at
pH 8.6. The front and back running portions of the
major hemoglobin band were eluted, and their oxygen

affinity was measured after overnight dialysis against
0.1 M phosphate buffer. Front running portions of both
hemolysates contained 4% methemoglobin at the end of
the experiment, while back running portions (which
included the methemoglobin formed during electrophore-
sis) contained 8-119%. The oxygen pressure required for
half-saturation (p50) of the front portion of the
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Ficure 5 Map of ninhydrin developed peptides prepared
from tryptic digestion of S-aminoethyl derivative of Malmo-g.
Paper electrophoresis at pH 4.7 was followed by descending
paper chromatography in Hill’s solvent as detailed elsewhere
(17). Numbers refer to tryptic peptides designated in Table
II. In Malmoé-8 digests, tryptic peptide g-11 is absent from
its usual position at 11A and shifted to a new position at
11 Ma (shown as a solid spot).
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TaBLE 11
Amino Acid Composition of Tryptic Peptides

Tryptic peptide B-1 £-2 B-3

B-4% B-5§ B-5-So B-6 B-6 +7 87 B-7+8

Sequence positiony 1-8 9-17 18-30 31-40 41-59 41-59 60-61 60-65 62-65 62-66
Lysine 0.90 0.83** 0.89 0.64** 0.88 1.36** 0.93 1.27**
AE-cysteine
Histidine 0.99 1.02 1.10 0.98
Arginine . 0.80** 1.08
Aspartic acid 1.95 3.07 2.96
Threonine 0.93 0.93 0.89 0.92 0.96
Serine}} 0.80** 1.96 191
Glutamic acid 2.14 2.00 0.86 1.05 1.08
Proline 0.97 1.00 1.76 1.63
Glycine 1.01 2.99 2.05 2.08 1.02 1.02 1.02
Alanine 1.92 0.96 1.02 1.02 0.97 0.94 0.66**
Valine 0.92 1.05 2.65** 2.17 1.02 1.10 1.12 0.71**
Methionine 0.83 0.74
Leucine 1.07 1.08 0.92 1.76** 0.98 1.06
Tyrosine 0.74
Phenylalanine 2.79** 2.42%
Tryptophan§§ 1) 1)
Sum of nearest

integers 8 9 13 10 19 “19” 2 “6" 4 “s5”

* Peptides were purified on paper (Fig. 5), detected with dilute ninhydrin, eluted with 5.7 N HCI, and, except as noted, hy-
drolyzed at 120°C for ~20 hr in nonevacuated tubes. All calculations represent the best fit to integrality assuming total residues
in each peptide approximate total in homologous A-g peptides. Residues forming <0.10 of an integer are omitted.

} Hydrolyzed in vacuum for ~72 hr.
§ Hydrolyzed in vacuum for ~20 hr.

9 Sequence positions assigned by homology with peptides from A-g (18).
** Reduced values of expected carboxy- and/or amino-terminal residues stem from excessive reaction with ninhydrin after
separation on paper before elution. In a few instances the reduced values are reflected in quotation marks surrounding total of

nearest integers.
11 Correction for destruction.
§§ Estimated solely from color reaction on paper.

|l Underscoring (peptide B-11) emphasizes differences between A- and Malmé-g.

Malmé hemolysate was 0.75 mm Hg with » =187
(cf., 1.58 in whole hemolysates). The corresponding
portion of the normal hemolysate had a p50 of 2.3 mm
Hg, with » =287 (cf, 2.86 in whole hemolysates).
Pure Chesapeake, studied under similar conditions, had
a p50 of approximately 0.35 mm Hg, with n=123
(cf., 1.30 in first section of whole hemolysate). In this
single experiment, Chesapeake appeared to be oxygen-
ated more easily than Malmé6 which in turn was oxygen-
ated more easily than hemoglobin A.

DISCUSSION

Comparison of hemoglobins Malmo and Chesapeake.
Oxygen affinity of hemoglobin can be abnormal because
of the position of the dissociation curve (oxygen affinity
per se), the change in position with pH (the Bohr
effect), the shape of the curve, or the degree of
heme-heme interaction. Comparisons of these properties

670

between hemoglobins Chesapeake and Malmé are of
particular interest: although the two substitutions oc-
cur in different chains at apparently different sites
(-92 vs. B-97), they are homologous in three-dimen-
sional space. Both are located at residue FG-4, the
fourth position in the connecting region between helices
Fand G.

Bohr effect. The Bohr effect appears to be normal
in Malmé, but our experiments must be interpreted with
caution because they were not carried out on the purified
abnormal hemoglobin. If subsequent studies confirm
this impression, the finding is of some significance: 50%
of this change in oxygen affinity with pH can be related
to formation of a salt bridge between the C-terminal
histidine of the B-chain and residue FG-1-8, only three
residues away from FG-4, the site of mutation in Malmé
(21). Substitution at FG-4 could affect FG-1 directly,
or by distortion of the main chain, which normally

Boyer, Charache, Fairbanks, Maldonado, Noyes, and Gayle



from the 8 Chain of Hemoglobin Malmos*

p-8 £-8+9 B-9 p-10 g-11] p-12a B-12b £-13§ p-141 p-14 4 153 B-15%
66 66-82 67-82 83-95 96-104 105-112 113-120 121-132 133-144 133-146 145-146
1 1.87 0.60** 0.89 0.91 0.89 0.77%* 0.71**
0.87 0.55**
1.03 0.96 1.05 0 2.00 0.94 1.90 1.00
. 0.90
2.95 2.98 1.00 2.14 1.02 0.65 1.00
1.82 0.98
1.04 0.99 0.98
1.04 2.09 3.05
0.94 1.80
2.04 1.97 0.85 1.07 1.03 1.04 1.05
2.04 2.06 1.08 1.04 2.06 4.05 4.07
0.95 0.81** 0.99 2.00 0.93 1.03 2.88 2.60**
3.96 4.02 2.02 0.92 2.90 1.03 1.02 1.04
0.92 0.84 0.45**
0.99 1.06 1.03 1.04 1.06 1.08
1 17 16 13 9 8 8 12 12 14 “y»

forms a hydrogen bond with the imidazole of FG-4
(22). Since the Bohr effect is normal, it is unlikely that
the salt bridge is altered, suggesting only a small per-
turbation of this aspect of structure.

Position and shape of the dissociation curve. The
molecular distortion produced by B8-97 histidine — gluta-
mine is sufficient to increase oxygen affinity and de-
crease heme-heme interaction. Affinity of unfractionated
hemolysates from carriers of Malmé was higher than
that of unfractionated hemolysates containing hemoglobin
Chesapeake. Comparison was difficult, because the be-
havior of Chesapeake hemolysates could not be de-
scribed by a straight line when plotted according to
Hill’s equation (Fig. 9). The latter samples acted al-
most as if only Chesapeake combined with oxygen at
low partial pressures, and hemoglobin A only began
to combine when the Chesapeake was saturated. Ab-
sence of such behavior in Malmo hemolysates may of

course reflect the poor discrimination of techniques uti-
lized,* but two other possibilities may be advanced.

(a) Benesch, Benesch, and Tyuma (23) pointed
out that the disproportionate effect of methemoglobin

atft fini .
atpt on oxygen affinity may reflect the formation
of hybrid molecules, each of which has abnormal
affinity:

(£2)+ (@) ea=2)

atgt

*In a single experiment on partially purified Malmo, »
was 1.87 rather than the 1.58 observed with hemolysates:
two curves, which do not differ as much as those in Chesa-
peake hemolysates, may have been superimposed because of
the low resolution of our methods. Techniques usually used
in studies of whole blood have an even lower resolving
power, and it seems probable that the blood of carriers of
Chesapeake also has a biphasic dissociation curve.

Hemoglobin Malmé 671



TasLE III
Amino Acid Composition of Hemoglobin B-Chains

Hemoglobin Malmé-8

Hemoglobin A-8

Calculated from sum

Amino acid Observed* Nearest integer tryptic peptidest Nearest integer§
Lysine 10.32 10 11 11
Histidine|| 7.80 8 8 9
Arginine 2.84 3 3 3
Aspartic acid 13.23 13 13 13
Threonine 7.169 7 7 7
Serine 5.249 5 5 S
Glutamic acid|| 12.34 12 12 11
Proline 6.79 7 7 7
Glycine 13.20 13 13 13
Alanine 15.31 15 15 15
Valine 17.56%* 18 18 18
Methionine 0.89 1 1 1
Leucine 18.05 18 18 18
Tyrosine 2.96 3 3 3
Phenylalanine 7.93 8 8 8
Cysteine}t 2 2
Tryptophanii 2 2
Sum 146 146

* Except as noted based on the mean of two analyses of 22 hr and three analyses of 72 hr hydrolysis
with 5.7 N HCl in vacuum at 120°C. Calculations are based on best fit to 142 residues.

1 See Table II.
§ As summarized by Dayhoff (18).

|| Integral values associated with consistent differences between Malmé-g8 and A- are shown in bold

face.

9| Extrapolated to zero time.

** Mean of 72-hr hydrolyses only.
11 Not analyzed in whole chain.

Bellingham and Huehns suggested that the same thing
may happen in the red cells of carriers of abnormal
hemoglobins (24). Some mutant polypeptide chains
may initially be assembled asymmetrically as mixed
aﬁMalmB

o

Malmo

cules (ﬁmlms). Since about 509, of the B-chains

dimers ), rather than as symmetrical mole-

in the Malmé hemolysate are abnormal, every hemo-
globin molecule could be abnormal if only hybrids
existed, yielding a monophasic dissociation curve.
The situation is different in Chesapeake where, as with
most a-variants (25), only 22.5%, of the a-chains in
hemolysate from carriers are abnormal. Thus, only
about 459, of the molecules could exist as hybrids.
Bunn has shown in vitro that the liganded form of pure
Chesapeake does not dissociate into subunits as
readily as the liganded form of hemoglobin A (26).
Chg

B

synthesis, resistance to dissociation might exaggerate

If asymmetric molecules (Z are formed during

672

the potential difference in concentration of hybrids,
and thereby explain the biphasic shape of the curves
obtained when hemolysates were studied. This alterna-
tive seems improbable because of studies on hemoglobin
Hiroshima, a B-chain variant with oxygen affinity
similar to that of Chesapeake. It comprises about 509,
of hemolysates, but these samples yield biphasic
curves (27).

(b) An alternative explanation for the functional
differences between Chesapeake and Malmé stems from
Perutz’s recent interpretation of the stereochemistry of
oxygenation (28). He suggests that when hemoglobin
A is oxygenated, the process begins in the a-chain, be-
cause the “heme-pocket” of the B-chain cannot accom-
modate an oxygen molecule without prior structural
rearrangement. In an abnormal hemoglobin with in-
creased oxygen affinity, structural abnormalities might
either exaggerate or minimize the difference in order
of oxygenation of subunits, depending upon whether
the site of mutation was in the - or B-chain. In a

Boyer, Charache, Fairbanks, Maldonado, Noyes, and Gayle



Maimo 8-11

LAP-30' 100 100 091 044 045 030 023 035 ND
LAP-70' 100 100 096 077 070 073 054 080 ND

Leu -~ GLN - Vol ( Asp Pro Glu Asn Phe ) Arg

Untreated 097 102 104 101 092 102 101 101 100
Edman-1 ™ 099 099 101 091 09 10l 10l 100
Edman-2 032 094 09 092 098 099 104 100
Edman-3 028 045 095 078 097 085 098 10O
A-B-11 Leu - HIS - Val - Asp = Pro - Glu - Asn ~ Phe - Arg
Position 96 97 98 99 100 101 102 103 104

FiGUrRe 6 Sequence analysis of tryptic peptide Bl1 (residues B-96—
104) (18) from hemoglobin Malmé isolated by successive Sephadex
G-25 (Pharmacia Fine Chemicals, Inc.) gel filtration, preparative
paper pH 4.7 electrophoresis, and descending paper chromatography
(17). Numbers above Malmo sequence refer to proportions of amino
acids released after digestion of ~ 0.1 umoles peptide with 6 U of
LAP (Miles-Seravac, Miles Laboratories, Inc.,, Kankakee, Ill.; 122
‘U/mg) (17) at room temperature for both 30 and 70 min. Numbers
below the Malmo sequence denote proportions of amino acids found
in either untreated peptide or the remainders of three successive Ed-
man degradations (19) after non-vacuum hydrolysis in 5.7 N HCI at
118°C for 22 hr. In all cases, concentrations of amino acids were re-
duced to proportions shown by taking the amount of leucine as unity
in LAP digests and arginine as unity in acid hydrolysates. Arginine
assay was not done (ND) in LAP digests. At least 7 nmoles of either
leucine or arginine were present in every analysis. The numerical
assignments to particular positions are somewhat arbitrary since not
only were the amides, asparagine and glutamine, unresolved from one
another during analysis of LAP digests, but also distinctions between
acids and their corresponding amides, e.g. glutamic acid and glutamine,
are lost during acid hydrolysis. The LAP digestion and the subtractive
Edman analyses together prove that Malmé contains g-97 glutamine
rather than B-97 histidine found in A-B. The positions of residues re-
maining within brackets are assigned solely through homology with

the known A-B sequence (18).

Chesapeake hemolysate, the order of oxygenation might
be a®™ > a* > g yielding a biphasic curve, while in
Malmé it might be o* = gMalmé> g4  vyielding a curve
similar in appearance to that of hemoglobin A. Only
one other high-affinity a-chain variant is known, hemo-
globin J Cape Town. The dissociation curve of hemo-
lysates containing it is not biphasic (29), but its af-
finity is not as high as that of Chesapeake (30), and
the biphasic character may not have been detected.
Differences in oxygen affinity and heme-heme inter-
action. As noted above the degree of increased oxygen
affinity, and decreased heme-heme interaction of Malméo
is probably different from that of Chesapeake. Normally,
there seem to be more intramolecular bonds in deoxy-
than in oxyhemoglobin. Heme-heme interaction is
thought to result from the energy released during rup-
ture of these bonds as the molecule is forced to change
structure during oxygenation (28). If extra bonds are
present in the oxy configuration of an abnormal hemo-

globin, interaction is decreased, and oxygen affinity may
be increased. It seems likely that altered bonds do exist
in the oxy form of Chesapeake (31), perhaps at the
interface between the a- and B-chains. Residue FG-4
participates in that interface, which must be forced
apart before the molecule can “click” from the deoxy
to the oxy form (28). v

In three respects, this interface may be less abnor-
mal in Malmé than in Chesapeake. First, residue FG-4-8
(Malmé6) makes fewer contacts with the a-chain than
does FG-4-a (Chesapeake) with its opposite subunit
(32). Second, when subunits rotate during the change
in structure produced by oxygenation, the FG region
of the B-chain undergoes a lesser shift in position than
does FG-a (28). Third, at physiologic pH, the amino
acids involved in the Malmé mutation (histidine =
glutamine) differ less in electric charge and volume
than do the amino acids involved in the Chesapeake
substitution (arginine — leucine).
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Ficure 7 Oxygen affinity of dilute hemolysates (approximately 0.1 g/100 ml).
The oxygen tension required for half-saturation (p50) at 10°C in 0.1 M phosphate
buffer is plotted against pH. Malmé and Chesapeake hemolysates exhibit a normal

Bohr effect.

Degree of polycythemia in carriers. Although oxy-
gen affinity of the whole blood of carriers of Malmo
and Chesapeake could not be compared, studies of he-
molysates suggest that the dissociation curve is further
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Ficure 8 Oxygen affinity of unfractionated hemolysates
containing hemoglobin A and Malmé or Chesapeake, and
normal hemolysates, plotted according to the logarithmic
form of Hill’s equation (20): log S/1 —S=1log K+ log
pOs, where S is per cent saturation, K is a constant, and # is
a measure of heme-heme interaction. Straight lines were fit to
data by the method of least squares. Both Malmé and Chesa-
peake have a decreased value of #; behavior of the latter
hemolysate cannot be described by a straight line.
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to the left in carriers of Malmé (probably because its
concentration is twice as high as that of Chesapeake).
If that be true, the carriers of Malmo should be more
polycythemic, and that was the case (Fig. 2). On the
other hand, it is a truism that red cell mass is deter-
mined by a multiplicity of factors: the proportion of
Malmé B-chains was remarkably constant in carriers,
while hematocrit values varied -over a considerable
range.

Diagnostic and therapeutic caveats. Not all herita-
ble polycythemias are produced by abnormal oxygen
affinity of the blood. We have studied the dissociation
curves of blood and hemolysate from four other fami-
lies with heritable polycythemia, including a member
of the family originally reported by Nadler and Cohn
(33). No abnormalities were found, suggesting that
polycythemia in these patients may have been pro-
duced by an abnormality of the sensor which initiates
erythropoietin production, an increased or autonomous
response of the erythropoietin producing organ, or syn-
thesis of an abnormal erythropoietin molecule.

It has been suggested that a “normal” red cell mass
should be redefined in terms of oxygen release to tis-
sues, rather than the volume of circulating red cells.
That might be a reasonable approach, if it were not
fairly clear that the increased viscosity of the blood
which follows an increase in red cell mass may accel-
erate or precipitate vascular occlusions. Stamatoyan-
nopoulos and his coworkers have recently suggested
that polycythemia due to a hemoglobinopathy “should
probably not be modified by phlebotomy or marrow sup-
pressants since oxygen transport would be unfavorably

Boyer, Charache, Fairbanks, Maldonado, Noyes, and Gayle
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Ficure 9 Comparison of oxygen affinity of unfractionated hemolysates contain-
ing hemoglobin A and Chesapeake or Malmé, plotted as in Fig. 8. The Chesa-
peake hemolysates yield biphasic lines with slopes of approximately 1.30 and
2.76; the average slope for Malmé in 18 experiments was 1.58.

affected” (7). Therapeutically the situation seems en-
tirely analogous to treatment of polycythemia secondary
to chronic lung disease, viz., there are no clear guides
to therapy, and each instance must be decided on its
merits. Radiation or radiomimetic agents are surely
not indicated, but in persons with hematocrit values
distinctly outside the normal range, cautious trials of
phlebotomy may avert catastrophic vascular accidents.

Note added in proof. After submission of this manu-
script, some properties of hemoglobin Malmé were de-
scribed in: Morimoto, H., H. Lehmann, and M. F. Perutz.
1971. Molecular pathology of human haemoglobin: stereo-
chemical interpretation of abnormal oxygen affinities. Na-
ture (London). 232: 408.

ACKNOWLEDGMENTS

Dr. J. Greer provided stimulating criticism, and Doctors
C. Brown and T. Thurmon obtained a blood sample from
Dr. Samuel Nadler’s patient with familial polycythemia.
Doctors A. W. Modert, J. Caten, J. Williams, M. Durnell,
C. Thomas, B. Adams, A. Vanderkloot, L. A. Taylor, W. W.
Bowers, and S. J. Chapin made this study possible, by ob-
taining blood samples from the propositus’ family.

These studies were supported in part by grant HD 02508
and grant HE 02799 from the National Institutes of Health.

REFERENCES

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

2. Botha, M. C.,, D. Beale, W. A. Isaacs, and H. Lehmann.
1966. Haemoglobin J Cape Town—a2 92 arginine — glu-
tamine .. Nature (London).212: 792.

10.

11.

. Jenkins, T., K. Stevens, E. Gallo, and H. Lehmann. 1968.

A second family possessing haemoglobin J « Cape Town.
S. Afr. Med. J. 42: 1151,

. 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.

. 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 af-
finity of a mutant hemoglobin, hemoglobin Kempsey.
Blood. 31: 623.

. Glynn, K. P, J. A. Penner, J. R. Smith, and D. L.

Rucknagel. 1968, Familial erythrocytosis. A description
of three families, one with hemoglobin Ypsilanti. Ann.
Intern. Med. 69: 769.

. 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.

. Hamilton, H. B., I. Iuchi, T. Miyaji, and S. Shibata.

1969. Hemoglobin Hiroshima (" histidine — aspartic
acid) : a newly identified fast moving beta chain variant
associated with increased oxygen affinity and compensa-
tory erythremia. J. Clin. Invest. 48: 525.

. Stamatoyannopoulos, G., A. Yoshida, J. Adamson, and

S. Heinenberg. 1968. Hemoglobin Rainier (8 145 tyrosine
—>histidine) : alkali-resistant hemoglobin with increased
oxygen affinity. Science (Washington). 159: 741.
Hayashi, A., G. Stamatoyannopoulos, A. Yoshida, and
J. Adamson. 1971. Haemoglobin Rainier: g 145 (HC2)
tyrosine = cysteine and haemoglobin Bethesda: g 145
(HC2) tyrosine —> histidine. Na#ure (London). 230: 264.
Lorkin, P. A., H. Lehmann, V. F. Fairbanks, G. Berg-
lund, and T. Leonhardt. 1970. Two new pathological
haemoglobins: Olmsted g 141 (H19) leu—>arg and
Malmé g 97 (FG4) his —> gIn. Biochem. J. 119: 68 P.

. Lokich, J. J., and W. C. Moloney. 1970. Polycythemic

hemoglobinopathy: hemoglobin Brigham. Abstracts of
the American Society of Hematology. Abstr. 120.

Hemoglobin Malmé 675



13.

14.

15.

16.

17.

18

19.

20.

21.

22.

676

Bromberg, P. A, F. Padilla, J. T. Guy, and S. P.
Balcerzac. 1971. Effect of hemoglobin Little Rock on the
physiology of oxygen delivery. Clin. Res. 19: 564.
Boyer, S. H., D. C. Fainer, and M. A. Naughton. 1963.
Myoglobin: inherited structural variation in man. Science
(Washington). 133: 1228,

Dozy, A. M., E. F. Kleihauer, and T. H. J. Huisman.
1968. Studies on the heterogeneity of hemoglobin. XIII.
Chromatography of various human and animal types on
DEAE-Sephadex. J. Chromatogr. 32: 723.

Clegg, J. B.,, M. A. Naughton, and D. J. Weatherall.
1966. Abnormal human hemoglobins. Separation and
characterization of the a and B chains by chromatog-
raphy, and the determination of two new variants, Hb
Chesapeake and Hb J (Bangkok). J. Mol. Biol. 19: 91.
Boyer, S. H., P. Hathaway, F. Pascasio, J. Bordley,
C. Orton, and M. A. Naughton. 1967. Differences in the
amino acid sequences of tryptic peptides from three sheep
hemoglobin beta chains. J. Biol .Chem. 242: 2211.
Dayhoff, M. O. 1969. Atlas of Protein Sequence and
Structure. National Biochemical Research Foundation,
Silver Spring, Md. IV.

Konigsberg, W. 1967. Subtractive Edman degradation.
In Methods in Enzymology. Enzyme Structure. C. H. W.
Hirs, editor. Academic Press, Inc.,, New York. 11: 461.
Hill, A. V. 1910. The possible effects of the aggregation
of the molecules of haemoglobin on its dissociation
curves. J. Physiol. (London). 40: iv (Abstr.)

Perutz, M. F., H. Muirhead, L. Mazzarella, R. A.
Crowther, J. Greer, and J. V. Kilmartin. 1969. Identifi-
cation of residues responsible for the alkaline Bohr effect
in haemoglobin. Nature (London). 222: 1240.

Perutz, M. F., H. Muirhead, J. M. Cox, and L. C. G.
Goaman. 1968. Three-dimensional Fourier synthesis of

23.

24,

25.

26.

27.

28.
29.

30.

31

32.

33.

horse oxyhaemoglobin at 2.8 A resolution: the atomic
model. Nature (London). 219: 131, 908.

Benesch, R., R. E. Benesch, and I. Tyuma. 1966. Subunit
exchange and ligand binding. II. The mechanism of the
allosteric effect in hemoglobin. Proc. Nat. Acad. Sci.
U. S. A. 56: 1268.

Bellingham, A. J., and E. R. Huehns. 1968. Compensa-
tion in haemolytic anaemias caused by abnormal haemo-
globins. Nature (London). 218: 924,

Lehmann, H., and R. W. Carrell. 1968. Difference be-
tween a and g-chain mutants of human haemoglobin and
between « and B-Thalassemia. Possible duplication of the
a-chain gene. Brit. Med. J. 4: 748.

Bunn, H. F. 1969. Subunit dissociation of certain ab-
normal human hemoglobins. J. Clin. Invest. 48: 126.
Imai, K. 1968. Oxygen-equilibrium characteristics of ab-
normal hemoglobin Hiroshima (22" 4°?). Arch. Bio-
chem. Biophys. 127: 543.

Perutz, M. F. 1970. Stereochemistry of cooperative ef-
fects in hemoglobin. Nature (London). 228: 5273.
Lines, J. G., and R. McIntosh. 1967. Oxygen binding by
haemoglobin J-Capetown (a:® Arg—> Gln). Nature
(London). 215: 297.

Charache, S., and T. Jenkins. 1971. Oxygen equilibrium
of hemoglobin J Capetown. J. Clin. Invest. 50: 1554.
Greer, J., H. F. Bunn, C. Ho, and S. Charache. 1969.
Further studies of the relation between structure and
function in hemoglobin Chesapeake. Blood. 34: 838.
Bolton, W., and M. F. Perutz. 1970. Three dimensional
Fourier synthesis of horse deoxyhaemoglobin at 2.8 A
resolution. Nature (London). 228: 551.

Nadler, S. B, and I. Cohn. 1939. Familial polycythemia.
Amer. J. Med. Sci. 198: 41.

Boyer, Charache, Fairbanks, Maldonado, Noyes, and Gayle



