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ABSTRACT Two human hemoglobins designed to inhibit
the polymerization of sickle hemoglobin (Hb S; a2os2) have
been produced. Mutations that disrupt the ability of Hb S to
form polymers were introduced into the normal human
3-globin gene by site-specific mutagenesis. These mutations
affect the axial and lateral contacts in the sickle fiber. The
recombinant hemoglobin designated anti-sickling hemoglobin
1 (Hb AS1) contains the mutations 1822 glutamic acid to alanine
and 1380 asparagine to lysine. Hb AS2 has the same 1822
glutamic acid to alanine mutation combined with p87 threonine
to glutamine. Human a- and 13s-globin genes were separately
fused downstream of 3-globin locus control region sequences
and these constructs were coinjected into fertilized mouse eggs.
Transgenic mouse lines that synthesize high levels of each
anti-sickling hemoglobin were established and anti-sickling
hemoglobins were purified from hemolysates and character-
ized. Both AS hemoglobins bind oxygen cooperatively and the
oxygen afnities of these molecules are in the normal range.
Delay time experiments demonstrate that Hb AS2 is a potent
inhibitor of Hb S polymerization; therefore, locus control
region 13Askglobin gene constructs may be suitable for future
gene therapy of sickle cell disease.

Sickle cell disease results from an A to T transversion in the
sixth codon of the human (3-globin gene (1, 2). This mutation
leads to the substitution of a nonpolar valine for a polar
glutamic acid residue on the surface of the hemoglobin
molecule. At low oxygen tensions, the (6 valine interacts
with a natural hydrophobic pocket on the surface of a second
hemoglobin tetramer and initiates the polymerization of Hb
S into long fibers composed of seven pairs of double strands
(3-8). The formation of these fibers reduces the flexibility of
erythrocytes and leads to the occlusion of small capillaries.
Intracellular fiber formation also results in erythrocyte mem-
brane damage and increased cell lysis. The ensuing disease is
characterized by a chronic hemolytic anemia with episodes of
severe pain and tissue damage that can result in stroke,
kidney failure, heart disease, infection, and other complica-
tions (9).
The structure of the fiber that forms in sickle erythrocytes

was derived from x-ray diffraction studies of Hb S crystals
(10). Hb S tetramers are composed of two a-globin subunits
(a2) and two (s-globin subunits ((32) and form characteristic
double strands. Interactions along the long axis of the fiber
are termed axial contacts, whereas interactions along the
sides of tetramers are lateral contacts (Fig. 1A) (9). The (36
valine plays a critical role in the lateral contact by interacting
with the hydrophobic residues (385 phenylalanine and (388
leucine (Fig. 1A). Hb A (a2(32) has these same hydrophobic

residues and is readily incorporated into sickle fibers. An
important axial contact is the interaction of the (322 glutamic
acid with the imidazole group of the a20 histidine on an
adjacent tetramer (11) (Fig. 1A). The physiologic relevance of
specific amino acids in the formation of the Hb S fiber has
been demonstrated by experiments in which the polymeriza-
tion of mixtures of Hb S and mutant hemoglobins was
analyzed (12). These mixing experiments highlighted the
particular importance of residues (22 and 1387 in inhibiting
Hb S polymerization. Hemoglobins F (a22) and A2 (a2&2)
both differ from Hb A at positions corresponding to 122 and
,(87 and both significantly inhibit Hb S polymerization.

Amelioration ofthe clinical symptoms of sickle cell disease
in patients with the concurrent condition of hereditary per-
sistence of fetal hemoglobin suggests that a level of fetal
hemoglobin comprising 20-25% of total cellular hemoglobin
is clinically beneficial (13-15). Patients with this level of Hb
F are essentially asymptomatic and gene therapy strategies
directed at achieving this level offetal hemoglobin expression
have been suggested. However, Hb F levels of 20-25% may
be difficult to obtain when genes are introduced into adult
hematopoietic cells. Transgenic mouse experiments have
demonstrated that locus control region (LCR) -tyglobin con-
structs are expressed at least four times less efficiently than
LCR /3-globin constructs in adult erythroid tissue (16-18).
Apparently, fetal-specific transcription factors are required
for high-level expression of the y-globin gene. Though it may
be possible to drive expression of the coding region of the
yglobin gene using regulatory elements ofthe (-globin gene,
a potential disadvantage of this approach is that the -globin
regulatory elements are present in three separate locations:
promoter, second intron, and proximal 3' flanking region
(19-23). Combining these three elements with the coding
region of the yglobin gene is not necessarily straightforward
and might not provide a therapeutic level ofexpression. Since
the (globin gene is normally expressed at high levels in adult
erythroid cells, the optimal construct for gene therapy would
be a gene that combines the anti-sickling activity ofHb F or
A2 with the high transcriptional activity of the adult (3-globin
gene. In this paper, we demonstrate that the mutation oftwo
amino acids is sufficient to provide the (3-globin gene with the
anti-sickling activity of Hb F or A2.

METHODS AND MATERIALS
Construction and Microlujection of Anti-Skng 1-Globin

Genes. Plasmids were constructed by standard procedures
(24). Mutagenesis was performed using the Altered Sites
system (Promega) (25). The mutagenic oligonucleotides were
as follows: (22, GTGAACGTGGATGCCGTTGGTGGT-

Abbreviations: LCR, locus control region; IEF, isoelectric focusing;
OEC, oxygen equilibrium curve; BPG, 2,3-bisphosphoglycerate.
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FIG. 1. Structure of human Hb S fibers. (A) Double-stranded sickle fiber. Two types of contacts occur between Hb S tetramers incorporated
into fibers. Contacts along the long axis of the fiber are termed axial contacts, whereas contacts along the sides of tetramers are lateral contacts.
The (86 valine plays a critical role in the lateral contact by interacting with the hydrophobic residues (385 phenylalanine and (388 leucine. An
important axial contact is the interaction of the (22 glutamic acid with the imidazole group of the a20 histidine on an adjacent tetramer. (B)
Lateral contact in the sickle fiber. This contact forms when the (36 valine ofHb S interacts with a hydrophobic pocket on an adjacent tetramer.
This hydrophobic pocket consists primarily of the residues (385 phenylalanine (phe) and (388 leucine (leu). These two residues are essential for
correct positioning of the heme moiety and cannot be mutated. However, a threonine (thr) residue at position 87 can be replaced by a glutamine
(gin), shown in red. The longer side chain ofthe glutamine prevents the (6 valine from interacting with the hydrophobic pocket. (C) Axial contact
in the sickle fiber. The side chains of the amino acids (17 lysine (lys), (319 asparagine (asn), and (322 glutamic acid (glu) project to form a surface
that stabilizes the axial contact. In both anti-sickling hemoglobins, the (322 glutamic acid is replaced by an alanine residue (ala). This residue
fails to interact with the positively charged histidine from the neighboring tetramer and thus disrupts the axial contact. The new alanine residue
is shown in light blue.

GAG; 380, GCTCACCTGGACAAGCTCAAGGGCACC;
3887, GGCACCTTTGCCCAGCTGAGTGAGCTG. Frag-
ment preparation and microirjection were as described (26).
Transgenic animals expressing high levels of human hemo-
globin were identified by isoelectric focusing (IEF) of he-
molysates. IEF was performed using the isothermal con-
trolled electrophoresis system (Fisher) with precast agarose
IEF gels (Isolab).

Analysis and Purification of Recombinant Human Hemoglo-
bins. Initial analysis of hemoglobin tetramers was performed
by anion-exchange high-performance liquid chromatography
(HPLC) utizing a Synchropak AN 300 (4.6 mm x 25 mm)
column (SynChrome, Lafayette, IN) (27). Preparative IEF
was performed on 4% acrylamide gels with 2% Pharmalyte
(Pharmacia) (pH 6.7-7.7). Bands of hemoglobin were sliced

from the gel and eluted in 0.1 M potassium phosphate buffer
(pH 7.0) (28). Mouse and human globins were separated by
reversed-phase HPLC using a Series 4500i HPLC system
(Dionex). Approximately 25-30 ug of hemoglobin was in-
jected into a C4 reversed-phase (4.6 mm x 250 mm) column
(Vydac, Hesperia, CA) and eluted with a linear gradient of
acetonitrile and 0.3% trifluoroacetic acid (29, 30).

Functional Analysis of Recombinant Human Hemoglobins.
Oxygen equilibrium curves (OECs) were measured with a
Hemox analyzer (TCS Medical Products, Southampton, PA)
as described (31). The OECs were determined in 0.1 M
potassium phosphate buffer (pH 7.0) at 20°C with a hemo-
globin concentration of 25 AM. Kinetics of polymerization
were determined in 1.8 M potassium phosphate buffer as
described (32). Polymerization was initiated using the tem-
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perature jump method in which the temperature of deoxy-
genated hemoglobin solutions is rapidly changed from 0°C to
30°C and aggregation is monitored turbidimetrically at 700 nm
(32, 33).

RESULTS AND DISCUSSION
Production of Recombinant Human Hemoglobin in Trans-

genic Mice. Two recombinant hemoglobins were designed to
inhibit Hb S polymerization. A mutation that disrupts the
lateral contact is shown in Fig. 1B. The 16 valine residue of
Hb S interacts with a natural hydrophobic pocket on the
adjacent tetramer. This hydrophobic pocket consists primar-
ily of the residues 1385 phenylalanine (phe) and 1388 leucine
(leu). These two residues are essential for correct positioning
of the heme moiety and cannot be mutated without severely
altering oxygen affinity (11). However, a threonine (thr)
residue at position 87 can be replaced by glutamine (gln)
shown in red, and our supposition was that the longer side
chain of glutamine might prevent the 136 valine from inter-
acting with the hydrophobic pocket. Both the 'y and 8
subunits of Hb F and Hb A2 have a glutamine at position 87

A mam,

h hAS-1(28%)

U) All hybrids

and this change may account at least partially for their
anti-sickling properties. Hb AS2 also contains a glutamine at
position 87 together with an alanine at position 22. Hb AS1
has the same 8322 alanine, and asparagine at (380 is replaced
by lysine. This 1380 lysine significantly inhibits sickling when
present as a single site mutation in Hb A (34).

In both anti-sickling hemoglobins glutamic acid was re-
placed by alanine at position (322 to disrupt the axial contact
(Fig. 1C). The side chains of the amino acids (17 lysine (lys),
(319 asparagine (asn), and 1822 glutamic acid (glu) project to
form a surface that stabilizes the axial contact (11). While
mutations at residues 1317 or 119 impair hemoglobin function,
amino acid 1322 can be mutated from glutamic acid to alanine
(ala) without an alteration in hemoglobin function (9). The
negative charge ofthe glutamic acid side chain at this position
interacts with the positively charged imidazole group of a
histidine from the neighboring tetramer. The shorter nonpo-
lar alanine side chain fails to stabilize this interaction. The
new alanine residue is shown in light blue.

Mutations were introduced into the human 1-globin gene
by site-directed mutagenesis and the mutant sequences were
inserted downstream ofa 22-kb DNA fragment containing the
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FIG. 2. Chromatographs of hemolysates and purified anti-sickling hemoglobins. (A) Chromatograph of hemolysate obtained from transgenic
mice expressing Hb AS1. Hemoglobins were separated by nondenaturing HPLC. Twenty-eight percent of the hemoglobin in erythrocytes of
these animals is recombinant human aps'. (B) Denaturing HPLC of apAs5 purified from the hemolysate shown inA. Purification was performed
by preparative IEF. Approximately 10%6 ofthe (-globin chains were ofmurine origin. (C) Chromatograph ofhemolysate obtained from transgenic
mice expressing Hb AS2. Hemoglobins were separated by nondenaturing HPLC. Eighteen percent of the hemoglobin in the erythrocytes ofthese
animals is recombinant human apAS2. (D) Denaturing HPLC of aBAS2 purified from the hemolysate shown in C. Purification was performed
by preparative IEF. ABS, absorbance.
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FIG. 3. OECs for purified human anti-sickling hemoglobins. (A) OEC for Hb AS1 at pH 7.0 in 0.1 M potassium phosphate buffer at 20°C.
(B) OEC for Hb AS1 under the same conditions as in A with the addition of 2 mM 2,3-bisphosphoglycerate (BPG). (C) OEC for Hb AS2 at pH
7.0 in 0.1 M potassium phosphate buffer at 20°C. (D) OEC for Hb AS2 under the same conditions as in C with the addition of 2 mM BPG.

DNase hypersensitive sites 1-5 (5' HS 1-5) of the P-globin
LCR (26). These constructs were injected into fertilized
mouse eggs, and blood from mice that developed was ana-
lyzed by IEF to identify transgenic animals that synthesize
high levels of human hemoglobin (26, 28). Transgenic lines
were established and hemolysates obtained from several
animals were analyzed by anion-exchange HPLC to quanti-
tate the amounts of human, mouse, and hybrid hemoglobins
(27). Fig. 2A and C demonstrate that 28% of total hemoglobin
was Hb AS1 in one aI3Asl transgenic line and 18% of total
hemoglobin was Hb AS2 in one apAS2 transgenic line. He-
moglobins AS1 and AS2 were isolated by preparative IEF
(28) and the purity of the human hemoglobins was assessed
by denaturing reverse-phase HPLC, which separates the a-
and P-globin subunits (29, 30). Fig. 2 B and D demonstrate
that Hb AS1 was e90o pure and Hb AS2 was purified to
homogeneity.

Functional Analysi of Recombinant Human Hemoglobins.
The OECs for purified Hb AS1 and Hb AS2 are illustrated in
Fig. 3 A and C (31). These sigmoidally shaped curves
demonstrate the normal cooperativity ofoxygen binding (Fig.
3 A and C). The P5o value, which measures the partial
pressure of oxygen at which hemoglobin is half-saturated,
was determined for Hb AS1 and Hb AS2 and compared with
Hb A and Hb F (Table 1). The P50 for Hb AS1 is elevated
slightly and this hemoglobin responds normally to the allo-
steric effector BPG-that is, oxygen affinity is decreased in

Table 1. Pso values for recombinant and naturally occurring
human hemoglobins

P50, mmHg

Sample Without BPG With BPG

Hb AS1 10.5 15.0
Hb AS2 6.7 8.4
Hb A 8.7 13.3
Hb F 8.8 10.0

the presence of 2 mM BPG (Fig. 3B). The P50 for Hb AS2 is
slightly lower than normal (6.7 mmHg) but BPG raises this
value to 8.4 mmHg (Fig. 3D). The oxygen affinity of Hb AS2
is functionally equivalent to Hb F in the presence of 2 mM
BPG and, therefore, Hb AS2 should adequately bind and
deliver oxygen in vivo.

Inhibition of Hb S Polymerization by Recombinant Human
Hemoglobins. The ability of hemoglobins AS1 and AS2 to
disrupt Hb S polymerization was analyzed by delay time
measurements (32). Briefly, Hb S (100%6) or mixtures of Hb
S (75%) and Hb A, AS1, AS2, or F (25%) were deoxygenated,
and polymerization as a function of time was measured
spectrophotometrically as the temperature ofthe hemoglobin
solution was raised from 0°C to 30°C (32, 33). Fig. 4A
demonstrates that HbS polymerizes relatively rapidly and
that Hb A, AS1, AS2, and F delay Hb S polymerization to
different extents. Hb AS1 inhibits Hb S polymerization more
efficiently than Hb A; however, Hb AS1 inhibits much less
effectively than Hb F, which is known to inhibit sickling in
vivo at a 3:1 ratio (13-15). Finally, Hb AS2 inhibits Hb S
polymerization at approximately the same level as Hb F. This
finding strongly suggests that Hb AS2 will inhibit HbS
polymerization in vivo if expression of AS2 at a level of 25%
of total hemoglobin can be achieved.
The delay times determined in Fig. 4A were all measured

at a concentration of 60 mg/dl. Fig. 4B illustrates the results
of similar experiments performed at variable concentrations
of total hemoglobin. The ratio of Hb S to Hb A, AS1, AS2,
or F in all of these experiments was 3:1. In this figure the
logarithm ofthe reciprocal ofthe delay time and the logarithm
of hemoglobin concentration are plotted. As reported by
Hofrichter et al. (3), an empirical relationship between delay
time (td) and hemoglobin concentration can be described by
the following equation: 1/td = ySn, where S = [Hb]total/
[Hb]soluble, and 'y is an experimental constant. The n value
is related to the size of nuclei formed during polymerization.
The n values of the data shown in Fig. 4B are between 2 and

A

V

0

4..

B 1

4-.

B

41
CU

U,

Biochemistry: McCune et al.



9856 Biochemistry: McCune et al.

A

0

0
cr

t

(A

0 20 40 60
Time (min)

Hb concentration - 60 mg/dl

B

-0.4

-

T-I0

0a

-0.8

-1 .2

-1 .6
80

-1.6 -1.4 -1.2 -1.0

log [Hb] (g/dl)

*100%HbS
0 75% Hb S/25% Hb A

075% Hb S/25% Hb AS1

*75% Hb S/25% Hb AS2

A75% Hb S/25% Hb F

-0.8

FIG. 4. Polymerization delay times for deoxygenated mixtures of human hemoglobins. (A) Delay times for hemoglobin mixtures containing
100%6 Hb S or 75% Hb S together with 25% Hb A, Hb AS1, Hb AS2, or Hb F. Curves were determined at a hemoglobin concentration of 60
mg/dl using the temperature jump method (18). The delay time is an indication of the ability of a hemoglobin to disrupt the polymerization of
Hb S. (B) Delay time vs. hemoglobin concentration. Hemoglobin concentration ranged from 30 mg/dl to 125 mg/dl. The progression of the plots
from left to right demonstrates the increased Hb concentrations that are required for polymerization to occur in the presence ofthe various non-S
hemoglobins.

3, which agree well with those shown previously in high
phosphate buffer (32). At higher concentrations of hemoglo-
bin, the delay times for Hb AS2 and Hb F overlap, indicating
that Hb AS2 and Hb F have virtually identical antipolymer-
ization activity.
The results described above demonstrate that the genetic

modification of two surface amino acids in Hb A produces a
unique human hemoglobin (Hb AS2) that inhibits Hb S
polymerization as effectively as Hb F. As discussed above,
the 3-globin LCR enhances f-globin gene expression much
more effectively than y-globin gene expression in adult
erythroid cells. Therefore pAS2, which is a 3-globin gene with
the antipolymerization properties of y-globin, may be the
molecule of choice for future genetic therapy of sickle cell
disease. Further modifications of this anti-sickling 3-globin
gene may provide a hemoglobin that surpasses Hb F in its
ability to disrupt the polymerization of Hb S.
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