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A baby girl presented with symptomatic sickle cell disease exacerbated by mild hypox-
emia, despite a newborn-screening diagnosis of sickle cell trait. DNA sequencing of
the 

 

b

 

 globin gene revealed that her maternal 

 

b

 

 globin allele was normal. Her paternal al-
lele had not only the expected sickle-trait mutation, 

 

b

 

Glu

 

6

 

Val

 

, but also a second,
charge-neutral mutation, 

 

b

 

Leu

 

68

 

Phe

 

. Analysis of the patient’s hemoglobin revealed
that the double-mutant protein, which we called “hemoglobin Jamaica Plain,” had se-
verely reduced oxygen affinity. Structural modeling suggested destabilization of the
oxy conformation as a molecular mechanism for sickling in a heterozygote at an ambi-

 

ent partial pressure of oxygen.

 

atients who are homozygous for the mutation in the gene en-

 

coding

 

 

 

the 

 

b

 

 chain of hemoglobin (

 

b

 

 globin) that results in the substitution of
valine for glutamic acid at position 6 (

 

b

 

Glu

 

6

 

Val

 

) have hemoglobin S (HbS) and
sickle cell anemia. Hemoglobin from these patients polymerizes in the deoxy confor-
mation into long fibers composed of strands of HbS tetramers. The 

 

b

 

Glu

 

6

 

Val

 

 muta-
tion in deoxy-HbS favors a hydrophobic interaction between each strand and its
neighbor. Other residues on the 

 

b

 

 chain participate in the binding of adjacent tetramers
within each strand and between strands. The interaction between the valine at position
6 with the phenylalanine at position 85 and the leucine at position 88 on the partner
strand is stereochemically unavailable in oxyhemoglobin.

 

1

 

 The fibers of polymerized
deoxy-HbS are responsible for dehydration, rigidity, and lysis of red cells.

In persons who are heterozygous for the 

 

b

 

Glu

 

6

 

Val

 

 mutation, hemoglobin can poly-
merize if the non-HbS allele encodes a permissive mutant hemoglobin  (such as HbC,
HbD, or HbO Arab). In other words, patients with sickling disorders due to two hetero-
zygous mutations in 

 

b

 

 globin tend to have compound heterozygosity, such as HbS/C or
HbS/D.

 

1

 

Mutations in 

 

b

 

 globin that cause sickle hemoglobin polymerization in persons who
have simple heterozygosity are rare. The HbS Antilles mutation (

 

b

 

Glu

 

6

 

Val,Val

 

23

 

Ile

 

) is an
example, but its mechanism is not completely understood.

 

2

 

 Here we report the case of
an infant girl with symptomatic sickle cell disease that was exacerbated by intercurrent
respiratory infection and airplane travel. Genetic and functional studies of her hemo-
globin revealed reduced oxygen affinity, which was caused by heterozygosity for a double-
mutant sickling hemoglobin (

 

b

 

Glu

 

6

 

Val,Leu

 

68

 

Phe

 

) that we termed hemoglobin Jamaica
Plain (Hb JP).

summary

p
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A baby girl of Puerto Rican descent was identified
on newborn screening to have a variant hemoglobin
isoelectric focusing pattern, which indicated the
presence of HbF, HbA, and a variant band running
near HbS. Since the father was known to be hetero-
zygous for the 

 

b

 

Glu

 

6

 

Val

 

 mutation, the result was re-
ported as the hemoglobin S trait. Splenomegaly
and normocytic anemia were noted when the child
was admitted for dehydration with gastroenteritis
at the age of five months and during episodes of
bronchiolitis. At the age of six months, she was ad-
mitted with a respiratory infection; the arterial oxy-
gen saturation, estimated by pulse oximetry, was
less than 90 percent. Sickle cells and basophilic
stippling were noted on a peripheral-blood smear
(data not shown). Whereas a stain for Heinz bodies
was negative, an isopropanol stability test indicated
the presence of an unstable hemoglobin. She had
marked splenomegaly, which diminished after the
transfusion of packed red cells. Laboratory test re-
sults are listed in Table 1. Over the course of the fol-
lowing year, she had recurrent splenomegaly and
anemia, requiring transfusion every six to eight
weeks, and occasional transient indirect hyperbili-
rubinemia.

At the age of 19 months, during her first airplane

trip, the child became acutely ill in flight, with her
spleen reaching the pelvic brim (as reported by a
physician on board). She was cyanotic and hypo-
tensive. She received oxygen for the duration of the
flight. After landing, she was hospitalized and
found to have a hematocrit of 18 percent. Packed
red cells were transfused; the hematocrit then rose
to 28 percent with resolution of symptoms and a
decrease in splenomegaly. Because of the apparent
splenic sequestration crisis, splenectomy was per-
formed when she was two years old. Since that time,
she has been asymptomatic, and she has required
no transfusions for the past 24 months. Serial lab-
oratory findings are shown in Table 1.

After informed consent had been obtained from
the family, blood for DNA sequencing and hemo-
globin analysis was drawn from the patient and
her parents. The institutional review board at
Children’s Hospital Boston approved the protocol,
Genetic Basis of Blood Diseases.

 

dna sequencing

 

To identify the variant hemoglobin, DNA was pre-
pared from a specimen of peripheral blood from
the patient with a Puregene DNA Purification Kit

case report

methods

 

* ND denotes not determined.
† For children two to six years of age, the normal range is 75.0 to 87.0 µm

 

3

 

.
‡ A range of 25 to 40 percent HbS is expected for the S trait.

 

§ To convert the values for bilirubin to micromoles per liter, multiply by 17.1.

 

Table 1. Laboratory Values during Respiratory Infection and before and after Splenectomy.*

Variable Patient’s Values
Normal or

Expected Range

 

Respiratory 
Infection

(age, 6 mo)

Before Splen-
ectomy 

(age, 22 mo)

After Splen-
ectomy 

(age, 36 mo)

Hemoglobin (g/dl) 8.2 7.4 8.0 10.9–13.0

Mean cell volume (µm

 

3

 

) 73 88.8 80.4 70.0–86.0† 

Reticulocyte count (%) 9 13.1 5.9 0.8–2.1

Results of hemoglobin electrophoresis (%) 58 A, 27 variant,
3.4 A

 

2

 

, 11.5 F
ND ND 25–40 S, 

2.1–3.1 A

 

2

 

, 
2.7–13 F‡

Oxygen saturation by pulse oximetry in room air (%) <90 95 97 >95

Heinz-body preparation Negative ND ND Negative

Result of isopropanol stability test Positive ND ND Negative 

Lactate dehydrogenase (U/liter) Normal Normal Normal 100–295

Bilirubin (mg/dl)§ Normal 1.3 (total)
0.3 (direct)

Normal 0.3–1.2 (total)
0–0.4 (direct)
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(Gentra Systems). DNA was amplified by the polym-
erase chain reaction (PCR) with the use of a primer
set encompassing exons 1 and 2 and another en-
compassing exon 3 (exons 1 and 2 forward primer,
5'AGTCAGGGCAGAGCCATCTA3'; exons 1 and 2
reverse primer, 5'TCCCCTTCCTATGACATGAAC3';
exon 3 forward primer, 5'CAAGCTAGGCCCTTTT-
GCTA3'; and exon 3 reverse primer, 5'TTGGACT-
TAGGGAACAAAGGAA3'). The resulting fragments
were purified with a QIAquick PCR Purification Kit
(Qiagen). The fragments were initially sequenced
directly with the use of standard, automated, fluo-
rescent dye-terminator reactions and were com-
pared with the published sequence (

 

HBB,

 

 GenBank
accession number NM_000518); nucleotide posi-
tions are given according to the official Human
Genome Organisation genomic-DNA–based de-
scription. To confirm that both mutations occurred
on the same allele, amplified, purified DNA was
cloned, and 10 independent clones were sequenced.
The parents’ DNA was also isolated, amplified, and
sequenced.

To confirm the presence of the putative 

 

b

 

 globin
mutation, a cytosine-to-thymine transition at nu-
cleotide 335 (

 

b

 

335C˚T), and to eliminate the pos-
sibility of a PCR artifact, we designed reverse PCR
primers specific for the C and T alleles at this posi-
tion, with 3' terminal nucleotides complementary
either to the wild-type sequence or to the mutant
sequence (wild type, 5'GTGAGCCAGGCCATCAC-
TAAAGGCACCGTG3'; mutant, 5'GTGAGCCAGG-
CCATCACTAAAGGCACCGTA3'). The penultimate
nucleotide of each reverse primer was mismatched
to increase specificity, according to Little’s crite-
ria for amplification-refractory mutation system
(ARMS) analysis.

 

3

 

 A common forward primer was
used for amplification (5'AGGAGACCAATAGAAA-
CTGGGCATGTGGAG3'). After PCR amplification,
reaction products were analyzed by agarose-gel
electrophoresis and detected by ethidium bromide
staining. An ARMS assay was also performed on
wild-type DNA to confirm the specificity of the assay.

 

hemoglobin analysis

 

Hemoglobin isoelectric focusing was performed
with the use of the Resolve-Hb hemoglobin test kit,
pH 6 to 8 (Perkin–Elmer Life and Analytical Scienc-
es). Hemoglobin was purified from a hemolysate
of the patient’s blood by chromatography on a
CM52 carboxymethylcellulose column. The purity
of the resulting hemoglobin was assessed by fast
protein liquid chromatography (FPLC) with cation

exchange to analyze the percentage of mutant as
compared with normal hemoglobin.

Oxygen-binding studies were performed as pre-
viously described

 

4

 

 for dialyzed hemolysate prepared
from the patient’s blood and for purified Hb JP and
HbS alone and in the presence of either sodium
chloride or 2,3-diphosphoglycerate. Binding stud-
ies were performed with the use of 0.6 mM hemo-
globin, and 150 mM sodium chloride or 3.0 mM
2,3-diphosphoglycerate was added as specified. In
addition, the association constant for hemoglobin
polymerization was determined for Hb JP both in
the absence and in the presence of 2,3-diphospho-
glycerate. Tetramer stability was assayed as previ-
ously described.

 

5

 

The DNA sequences of 7 of 10 independent PCR
clones from the patient’s genomic DNA were en-
tirely normal. Three clones revealed an adenine-to-
thymine transversion at position 20 (

 

b

 

20A˚T) in
exon 1 (corresponding to 

 

b

 

Glu

 

6

 

Val

 

, which is stan-
dard HbS). The same three clones also revealed a

 

b

 

335C˚T mutation in exon 2 (Fig. 1A). Exon 3, am-
plified separately, was normal in all clones (data not
shown). 

 

Xmn

 

I digestion of amplified DNA contain-
ing exon 2 resulted in three fragments 594, 410, and
184 bp in size, findings consistent with heterozy-
gosity for the 

 

b

 

335C˚T mutation, which creates an

 

Xmn

 

I recognition sequence (5'GAANNNNTTC3',
where the mutated nucleotide is underscored) that
is absent from the wild-type sequence. ARMS analy-
sis confirmed that the patient was heterozygous for

 

b

 

335C˚T (Fig. 1B). Wild-type DNA failed to am-
plify with the mutant primer (data not shown). The
mother’s 

 

b

 

 globin gene was wild-type according to
DNA analysis, and the father’s 

 

b

 

 globin gene con-
tained only the 

 

b

 

20A˚T (S trait) mutation, and not
the 

 

b

 

335C˚T mutation. This 

 

b

 

335C˚T mutation,
encoding 

 

b

 

Leu

 

68

 

Phe

 

, was previously reported as an
isolated finding, Hb Rockford,

 

6

 

 also known as Hb
Loves Park.

 

7

 

 The heterozygous mutation was also
present in DNA from a buccal swab from the patient,
confirming that it was a germ-line mutation. We
interpret these results to mean that the patient ac-
quired a new mutation on her paternal HbS allele
and inherited a normal 

 

b

 

 globin allele from her
mother and is thus heterozygous for a double-
mutant hemoglobin, Hb JP (

 

b

 

Glu

 

6

 

Val,Leu

 

68

 

Phe

 

).
The properties of the mutant hemoglobin in

hemolysates of the patient’s red cells and in purified

results
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form were studied next. Isoelectric focusing of the
hemolysate revealed HbA, HbF, and a band running
near HbS that corresponded to the charge-neutral
Hb JP double mutant (Fig. 1C). When the patient
was 22 months of age, FPLC showed 62.6 percent
HbA, 28.5 percent Hb JP, and 8.9 percent HbF. The
isolated mutant protein was 93 percent pure on
FPLC after separation by carboxymethylcellulose
chromatography (Fig. 1D). Purified HbS and Hb JP
could not be separated by FPLC or high-perfor-
mance liquid chromatography. Dialyzed hemoly-
sate from the patient had an oxygen-binding curve
in which the partial pressure of oxygen at 50 per-
cent dissociation was 48 mm Hg, a value substan-
tially higher than (i.e., shifted far to the right of ) that
for HbA (Fig. 2A). This result demonstrated that
reduced oxygen affinity is intrinsic to the mutant
hemoglobin. The partial pressure of oxygen at 50
percent dissociation was only slightly higher for
the purified mutant hemoglobin alone than for HbS
(10.0 vs. 6.5 mm Hg), but the difference increased
in the presence of 150 mM sodium chloride (22.2
vs. 13.0 mm Hg) and even more dramatically in the
presence of 3.0 mM 2,3-diphosphoglycerate (43.0
vs. 24.0 mm Hg) (Fig. 2B). Cooperativity of oxygen
binding to hemoglobin, as assessed by the Hill co-
efficient,

 

8

 

 did not significantly differ among Hb JP,
HbS, and HbA (data not shown). The addition of

2,3-diphosphoglycerate or sodium chloride did not
alter this result.

In anaerobic conditions, sickle hemoglobin pre-
cipitated readily as a polymer. The average (± range)
solubility (C

 

sat

 

, an index of the hemoglobin satura-
tion) in dextran was 36.14±1.5 mg per milliliter
(average of two measurements) in the absence of
2,3-diphosphoglycerate and 22.9±0.3 mg per mil-
liliter (average of two measurements) in the pres-
ence of a threefold molar excess of 2,3-diphospho-
glycerate. Hb JP was slightly less soluble under
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Figure 1. Genetic Sequencing and Protein Analysis
of the Patient’s Hemoglobin.

 

Panel A shows sequencing chromatograms revealing 
two clone types derived from the patient’s DNA. Clone 
type 1 contained the sickle mutation 

 

b

 

20A˚T in codon 6 
and the spontaneously arising mutation 

 

b

 

335C˚T in 
codon 68, indicating that both mutations in the patient 
were on the same chromosome. Clone type 2 was wild 
type. Both positions are marked with arrowheads, and 
the encoded (wild type) amino acids are shown below 
the chromatograms, with the mutated nucleotide and 
amino acid underscored. Amplification-refractory muta-
tion system analysis, shown in Panel B, confirmed the 
presence of both the wild-type (

 

b

 

C335) allele and the 

 

b

 

335C˚T mutation, indicating that the patient was het-
erozygous for that mutation. Isoelectric focusing of the 
patient’s hemolysate (Panel C) revealed HbA, HbF, and 
a band comigrating with HbS. Trace HbA

 

2

 

 was also pre-
sent on the original blot, although it is not visible in the 
figure. At left is a standard hemoglobin ladder. Hb JP was 
purified by chromatography on a CM52 carboxymethyl-
cellulose column (Panel D). The points on the curve 
represent the absorbance of each collected fraction. 
The resulting hemoglobin was 93 percent pure on fast 
protein liquid chromatography (data not shown).
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these conditions, with corresponding average val-
ues of 28.34 mg per milliliter and 21.72 mg per
milliliter (both duplicate measurements). Also,
tetramer stability in the mutant hemoglobin was
within the normal range and was not significantly
different from that of HbS (Fig. 2C). Hb JP synthe-
sized in yeast by standard recombinant DNA tech-
niques had properties identical to those described
above for purified Hb JP, thus corroborating the
observed results (data not shown).

We report a double-mutant hemoglobin, Hb JP, with
clinical consequences of severe hemolytic anemia
and sickling of erythrocytes, which in this case
were exacerbated by respiratory infection and the
low arterial oxygen saturation associated with high
altitude. The patient presented with clinically severe
vaso-occlusion due to erythrocyte sickling and sple-
nomegaly during an airplane flight; she had a his-
tory of more minor episodes of vaso-occlusion and
splenomegaly. Splenectomy improved the severe
clinical findings at sea level; we propose that she
was prone to intrasplenic sickling and splenomeg-
aly because of the relative hypoxic environment and
slow transit time of red cells in the spleen. Genetic
analysis indicated that a spontaneous mutation,

 

b

 

335C˚T, previously reported as a sole mutation
encoding Hb Rockford (

 

b

 

Leu

 

68

 

Phe

 

),

 

6

 

 arose on an
existing paternal 

 

b

 

Glu

 

6

 

Val

 

 allele. Hb Rockford is re-
ported to be a low-affinity, stable hemoglobin that
does not result in hemolysis. The double mutation,
by contrast, resulted in a hemoglobin variant with
substantially reduced oxygen affinity, especially in
the presence of 2,3-diphosphoglycerate. As a physi-
ologic adaptation, 2,3-diphosphoglycerate levels
in erythrocytes would be elevated in chronic anemia
and would play a key role in the hypoxic environ-
ment of the spleen at the low partial pressure of ox-
ygen typical of a pressurized airplane cabin, where
the ambient partial pressure of oxygen falls to 126
mm Hg

 

9

 

 and the arterial oxygen correspondingly
falls to 56 mm Hg in healthy passengers.

 

10

 

In normal hemoglobin, the leucine residue at
position 68 is buried within the folded 

 

b

 

 globin
chain.

 

11,12

 

 Modeling of the substituted phenylala-
nine at this position predicted unfavorable steric
interactions in the oxy conformation, but not in the
deoxy conformation, with amino acids that are near-
by (Fig. 2D). The modeling predicted that the deoxy
conformation is stabilized relative to the oxy con-

formation — a mechanism for decreased oxygen
affinity similar to that of Hb Kansas.

 

13

 

 However,
unlike Hb Kansas, Hb JP does not result in a weak
hemoglobin tetramer. In addition, the cooperativ-
ity of globin subunits is unaffected, as indicated by
Hill coefficients within the normal ranges. It is like-
ly that helical movements to accommodate pressure
on the heme from the phenylalanine residue at po-
sition 68 in Hb JP would affect some outside resi-
dues to increase polymerization and result in lower
hemoglobin solubility. X-ray crystallography will be
required to confirm the mechanisms proposed here
and to specify further the nature of the perturba-
tions resulting from the phenylalanine substitution
that lead to the polymerization of deoxy–Hb JP.

The marked decrease in oxygen affinity of Hb JP
— which is a greater decrease than that of HbS An-

discussion

 

Figure 2 (facing page.) Functional Analysis of Hb JP.

 

Dialyzed hemolysate prepared from the patient’s blood 
had a higher partial pressure of oxygen (PO

 

2

 

) at 50 per-
cent dissociation (P

 

50

 

) than wild-type HbA (Panel A). 
Whereas the P

 

50

 

 of purified Hb JP was only slightly higher 
than that of HbS alone, the difference increased in the 
presence of 3.0 mM 2,3-diphosphoglycerate (DPG) 
(Panel B). Tetramer formation for Hb JP was within the 
normal range and not significantly different from that of 
HbS (Panel C). Insets show the data replotted to obtain 
the dissociation constant (kD). T denotes the extent of 
tetramer formation, expressed as a percentage. Panel D 
shows a proposed mechanism for the reduced oxygen 
affinity of Hb JP. The phenylalanine substitution at po-
sition 68 of the 

 

b

 

 chain was modeled according to the co-
ordinates from normal HbA to assess how it would affect 
the binding of  oxygen (red ball). The oxy-HbA backbone 
was not changed in this model, but the leucine residue at 
position 68 was replaced with phenylalanine. Side chains 
surrounding the heme moiety (histidine at position 63, 
lysine at 66, and valine at 67) are shown for reference 
(purple). Additional side chains shown for reference in-
clude tryptophan at position 15 (yellow) and leucine at 
positions 110 and 114 (orange). The solid red lines be-
tween the bulky mutant phenylalanine residue at posi-
tion 68 (green) and nearby chains (valine at positions 20 
and 23 and glycine at position 24 [blue]) represent highly 
unfavorable contacts. A rearrangement would probably 
occur in order to compensate for these adverse contacts. 
When the same analysis of phenylalanine substitution is 
performed with deoxy-HbA coordinates (not shown), the 
unfavorable interactions are much less severe. Hence, 
the deoxy structure would be preferred, suggesting that 
oxygen binding would be weaker (i.e., there would be a 
rightward shift of the hemoglobin dissociation curve). 
Amino acid residues are labeled with their single-letter 
codes. Colors denote the alpha helix (A, B, E, or G) of 

 

b

 

 globin in which the amino acids are located.
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tilles, a double-mutant hemoglobin that has been
used in a murine model of sickling disorders

 

14

 

 —
might make it useful for testing antisickling agents
at ambient partial pressures of oxygen in heterozy-
gous mice. This charge-neutral double-mutant
hemoglobin is difficult to detect without DNA se-
quencing. Since it cannot be distinguished from
HbS by isoelectric focusing, FPLC, or high-perfor-

mance liquid chromatography, Hb JP may account
for sporadic cases of clinically severe vaso-occlu-
sion in other cases of S variants or the presumed
S trait. Sequencing of the 

 

b

 

 globin gene should be
considered in such cases.

 

We are indebted to the patient and her family for their partici-
pation.
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