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We have re®ned the crystal structure of deoxyhemoglobin S (b
Glu6! Val) at 2.05 AÊ resolution to an R-factor of 16.5% (free R � 21.5%)
using crystals isomorphous to those originally grown by Wishner and
Love. A predominant feature of this crystal form is a double strand of
hemoglobin tetramers that has been shown by a variety of techniques to
be the fundamental building block of the intracellular sickle cell ®ber.
The double strand is stabilized by lateral contacts involving the mutant
valine interacting with a pocket between the E and F helices on another
tetramer. The new structure reveals some marked differences from the
previously re®ned 3.0 AÊ resolution structure, including several residues
in the lateral contact which have shifted by as much as 3.5 AÊ . The lateral
contact includes, in addition to the hydrophobic interactions involving
the mutant valine, hydrophilic interactions and bridging water molecules
at the periphery of the contact. This structure provides further insights
into hemoglobin polymerization and may be useful for the structure-
based design of therapeutic agents to treat sickle cell disease.
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Introduction

Sickle cell disease results from the mutation of
human hemoglobin (HbA) at the sixth position of
the b-chain from glutamic acid to valine (Ingram,
1956). Classic studies on the hemoglobin from
sickle-cell patients pinpointed the cause of this dis-
ease and led to the concept of a ``molecular dis-
ease'' (Pauling et al., 1949). This substitution of a
hydrophobic residue for an acidic residue results
in a drastic decrease in solubility of the protein in
the deoxygenated state. Deoxyhemoglobin S (HbS)
forms long polymers that distort the normally pli-
able red blood cells and can hinder passage
through the microcirculation. Occlusion of capil-
laries decreases oxygen supply to surrounding tis-
sues which is believed to be responsible for the
clinical manifestations of sickle-cell anemia.

Structural analysis of HbS ®bers using single
crystal X-ray diffraction, ®ber X-ray diffraction and
electron microscopy, as well as complementary
information from gelation experiments on hemo-
globin mutants, has established the basic ®ber
architecture (Eaton & Hofrichter, 1990). Crystalliza-

tion of deoxy HbS in low salt at low pH (5.0 to 6.0)
produces monoclinic crystals in which hemoglobin
molecules are assembled in double strands
(Wishner et al., 1975). These ``Wishner-Love''
double strands of HbS are stabilized by axial con-
tacts within each strand and lateral contacts
between strands that involve the mutated b Val6
(Wishner et al., 1976). There is strong complemen-
tary data suggesting that the double strand with a
slight helical twist is the basic building block of
intracellular ®bers. X-ray ®ber diffraction data,
from both extracellular gels and sickled erythro-
cytes, are consistent with a similar arrangement of
molecules in the crystal and ®ber (Magdoff-
Fairchild & Chiu, 1979). Electron microscopy with
image reconstruction has revealed that the basic
HbS ®ber is 210 AÊ thick and formed from 14-®la-
ment strands that associate as half-staggered pairs
(Dykes et al., 1979). While some disagreement
exists as to the arrangement of the double strands
within the HbS ®ber (Cretegny & Edelstein, 1993;
Watowich et al., 1993), there is broad agreement
that the basic building block of the ®ber is a Wish-
ner-Love double strand with a slight helical twist.
Additional convincing evidence that the crystalline
double strand is physiologically relevant comes
from copolymerization studies of HbS with natu-
rally occurring variants (Benesch et al., 1982; Nagel

Abbreviations used: HbS, hemoglobin S or sickle cell
hemoglobin; HbA, human hemoglobin A; DPG, (2,3)-
diphosphoglycerate; RMS, root-mean-square.
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et al., 1980). These experiments show signi®cant
changes in the polymerization properties of HbS as
a result of altering residues that participate in the
crystal double strand contacts. In contrast, most
mutations of residues not involved in double-
strand contacts do not lead to alterations of the
polymerization properties (Eaton & Hofrichter,
1990).

The similarity of the molecular packing within
HbS crystals and ®bers provides an opportunity to
obtain a very detailed understanding of the inter-
actions that trigger polymerization. Previous crys-
tallographic analysis of HbS at 3.0 AÊ resolution
(Padlan & Love, 1985a,b) revealed some details of
the interactions between tetramers, including the
identi®cation of residues involved, but did not pro-
vide precise determination of the stereochemistry
of the interfaces, including accurate van der Waals
interactions and involvement of water molecules.
Here we report the crystal structure of deoxy-HbS
at 2.05 AÊ resolution which reveals important new
details of contact formation between HbS tetramers
in the physiological double strand.

Results

The structure of sickle cell hemoglobin has been
re®ned at 2.05 AÊ resolution to an R-factor of 16.5%
and a free R of 21.5%, with excellent stereochemis-
try (Table 1). A Ramachandran plot shows no resi-
dues in disallowed regions and 93.5% in most
favored regions (Figure 1). A Luzzati plot (Luzzati,
1952), generated using the conventional R-factor,
suggested an upper limit on the overall positional
error of roughly 0.22 AÊ (data not shown), signi®-
cantly less than the 0.55 AÊ estimate for the 3.0 AÊ

structure, re¯ecting the use of higher resolution
data in conjunction with improved X-ray structure
re®nement techniques.

An Fo ÿ Fc omit map of the region including b
valine 6 and several other residues in the lateral

contact is shown in Figure 2. Electron density
maps were also used to check the structure for
possible ligand association in either oxygen-bind-

Table 1. Data collection and re®nement statistics for the
deoxy-HbS structure

Resolution limits (AÊ ) 10±2.05
Total observations 244,980
Unique reflections 72,955
Rmerge (%) 9.3
Completeness (%) 95.0

No. of reflections used in refinement (F > 2s) 64,050
R-factor 0.165

No. of reflections used for R-free (F > 2s) 7846
R-free 0.215

No. of non-hydrogen atoms:
Hemoglobin 9105
Solvent 573

R.M.S deviation from ideality:
Bond lengths (AÊ ) 0.010
Bond angles (�) 1.491
Impropers (�) 1.341

Average temperature factors:
Protein (AÊ 2) 19.5
Water (AÊ 2) 37.9

Figure 1. Ramachandran plot generated using PRO-
CHECK (Laskowski et al., 1993). Gray areas represent
most favorable regions, and glycine residues are shown
as triangles.

Figure 2. Fo ÿ Fc omit map contoured at 3.0 s depicting
the area immediately surrounding the mutant valine
from the 2bS

2 chain. This residue is involved in lateral
contact 1 of the crystal structure. Below and to the right
of the centrally-located valine side-chain is 1bS

1 Phe85,
part of the hydrophobic patch from a second tetramer
with which 2bS

2 Val6 interacts. Three water molecules
are also visible to the left of the valine side-chain.
(Figure generated with O, Jones et al., 1991).
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ing sites or the (2,3)-diphosphoglycerate (DPG)-
binding site. No ligands were found in either of
these sites, although water molecules were found
at positions that can form hydrogen bonds with
the distal histidine residues in each a chain heme
pocket and in the DPG-binding cleft.

The molecules pack within the crystals as two
strands of HbS molecules running parallel to the
crystallographic a axis. Molecules within each
strand contact one another via axial contacts, and
the two strands are stabilized by lateral contacts
involving b Val6 (Figure 3). The asymmetric unit
of the crystal contains two tetramers which contact
one another via a lateral contact. We will adopt the
naming convention and designations used pre-
viously (Padlan & Love, 1985a,b) to denote indi-
vidual subunits within this crystal structure. In this
scheme, subunits within tetramer 1 or 2 are pre-
ceded by a 1 or 2, respectively. The b subunits are
assigned according to their contacts, i.e. bS sub-

units acting as acceptor pockets for mutant valine
residues are designated bS

1, those acting as valine
donors are termed bS

2 (b subunits act as either
mutant valine donors or acceptors, but not both).
The a chains are named according to their pos-
itions relative to the bS chains. In this manner, all
eight crystallographically distinct subunits are
assigned unique identi®ers.

The individual HbS molecules in the asymmetric
unit were compared to each other and to that of
deoxy HbA determined at 1.74 AÊ resolution (Fermi
et al., 1984). The least-square comparison between
a-carbon atoms of tetramer 1 and HbA yielded a
root-mean-square (RMS) deviation of 0.56, and tet-
ramer 2 to HbA showed a 0.55 RMS deviation. The
RMS deviation for a-carbon atoms between HbS
tetramers is 0.32 AÊ , and for all atoms is 0.65 AÊ .
Among individual subunits, two key areas of
structural difference are found when comparing bS

1

subunits with bS
2 subunits. These areas are those

Figure 3. Two depictions of the double strand of hemoglobin molecules found in the crystal. On the left, the strand is
shown as a transparent molecular surface, with heme groups colored red, and the mutant valine residues blue. In the
representation on the right, the protein backbones are shown as white coils, with the color scheme for heme groups
and mutant valine residues remaining the same as the left. The axial contacts are located between molecules within a
single strand in the vertical direction. Lateral contacts involving the blue valine residues act to associate the two
single strands into the double strand. (Figure generated using GRASP, Nicholls et al., 1993).
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involved in the lateral contacts, with differences
seen in both the donor A helix (which contains the
mutant valine), and, to a lesser extent, the acceptor
EF corner region. Figure 4 shows these differences,
particularly in the area of the A helix, which is dis-
placed to a position closer to the tetramer interior
in the bS

2 subunits.
The two crystallographically distinct lateral con-

tacts are shown in Figure 5. The Figures are
oriented with a view into the valine-binding EF
corner region. Only the valine residues from the bS

2

chains are shown, which are depicted as magenta
bonds suspended over the pockets. In both con-
tacts, the geometry of the valine and the residues it
contacts in the bS

1 subunit are quite similar. The
hydrophobic surface which comprises the valine
binding site is shown in yellow directly beneath
the valine. This is made up of bS

1 Phe85, bS
1 Leu88,

and several heme atoms. Despite the hydrophobi-
city of this region and the mutant valine, there is a
network of water molecules intimately associated
with the contact, as shown by the light blue atoms
in the Figure. Most of these water molecules are
well-ordered, with those displaying lower tem-
perature factors being closely associated with the
atoms of the acceptor pocket.

An alternate depiction of the lateral contact is
shown in Figure 6. This stereo view shows water
molecules and the positions of key residues within
the contact. A network of water molecules is pre-
sent at the bend between the F0 and F helices of the

bS
1 subunits. This cluster appears primarily stabil-

ized by hydrogen bonds with main-chain carbonyl
oxygen and amide nitrogen atoms at the bend in
the acceptor subunit. Additional hydrogen bonds
can form with the carbonyl oxygen of bS

2 Val6 and
the side-chain of bS

2 Thr123 from the donor subunit.
Thus, water molecules form bridging hydrogen
bonds between tetramers in the lateral contact. The
average B-factor of these waters is 28.8 AÊ 2, with a
particularly well-ordered (B-factor � 24.9 AÊ 2) sol-
vent molecule located to accept and donate hydro-
gen bonds to backbone atoms, effectively
continuing the alpha helical hydrogen bond pat-
tern between the F and F0 helices. Table 2 lists all
those residues which are involved in pairwise con-
tacts of less than 4.0 AÊ across the lateral interfaces,
along with the corresponding distances in the
3.0 AÊ structure.

The axial contacts in the HbS crystals are shown
in Figure 7. Similar contacts are found in many
hemoglobin crystals (Fitzgerald & Love, 1979), and
in this crystal structure, there are two crystallogra-
phically distinct axial contacts. These are located
between tetramers translated vertically (along the
crystallographic a axis) with respect to one another
in the strands as depicted in Figure 3. Therefore,
each tetramer is involved in two axial contacts.
Table 3 lists distances between residues involved
in the axial contacts.

As observed in the 3.0 AÊ structure, the axial and
lateral contacts appear to be the only contacts

Figure 4. Stereo views showing movement of A helix in 1bS
2 chain. The upper Figure shows a carbon traces compar-

ing the 1bS
1 (broken lines) and 2bS

1 (continuous lines) subunits as superimposed using O (Jones et al., 1991). The bot-
tom Figure depicts the superposition of the donor 1bS

1 (broken lines) and the acceptor 1bS
2 (continuous lines) subunits.

Heme bonds are also shown in each of the Figures. The A labels the positions of the A helices in each of the Figures.
(Figure generated using MOLSCRIPT, Kraulis, 1991).
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retained in the crystal which are present in the
pathological ®ber based on mutational studies.
Therefore, an extensive discussion of the residues
involved in ``non-physiological'' contacts will not
be undertaken here, and we refer the reader to the
3.0 AÊ structure for a discussion and tabulation of
these interactions (Padlan & Love, 1985b).

Discussion

The re®nement of the HbS structure using 2.05 AÊ

diffraction data produced a more accurate and
complete model. In Figure 8, models of the lateral
contact are compared from our analysis and the
earlier work at 3.0 AÊ resolution (Padlan & Love,
1985a). The position of bS

1 Leu88 is of particular
interest. In our structure, this residue occupies a
position packed in the heme pocket, as in the
deoxy HbA structure. The 3.0 AÊ re®nement placed
bS

1 Leu88 out of the heme pocket, closer to b Val6,
at a position in which we ®nd water molecules.
The two independent contacts from our structure
are quite similar, in contrast to signi®cant differ-
ences seen in the two 3.0 AÊ structure lateral con-
tacts. This is better illustrated in Table 2, which
shows the similarity in the atomic distances
between residues in each interface within our
structure, and also the differences from the 3.0 AÊ

structure. In our model, both contacts contain
roughly the same residues making similar contacts,
as expected. This contrasts with the 3.0 AÊ structure,
in which one lateral contact involves far fewer resi-
dues than the other.

In the 3.0 AÊ HbS structure, there were indi-
cations that a chain heme pockets were partially

Figure 5. The two crystallographically unique lateral
contacts: a, contact 1; b, contact 2. These views show the
mutant valine (magenta bonds) positioned in its binding
pocket on another tetramer. The atoms of the acceptor
pocket are depicted as van der Waals radii, with carbon
atoms yellow, oxygen atoms red, nitrogen atoms dark
blue, and water molecules light blue. (Figure created
using MIDAS, Ferrin et al., 1988).

Figure 6. Stereo diagram of the lateral contact. On the right, backbone worms and residues are shown from the 2bS
2

subunit which contains the mutant valine, and interacts with the 1bS
1 acceptor pocket as shown on the left. Side-

chains which closely associate with the mutant valine or are involved in hydrogen bonds are shown in this Figure.
Hydrogen bonds were included if the donor and acceptor atoms were within 3.2 AÊ of one another according to the
program WATERPATH (Steven Sheriff), and these bonds are represented as broken lines. Residues are labeled
according to the standard one-letter amino acid code, and the helices of the globin fold are also labeled by capital
letters. (Figure generated using MOLSCRIPT, Kraulis, 1991).
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ligated (Padlan & Love, 1985a). Our analysis pro-
vides no evidence for oxygen bound to either the a
or b chains, but there are water molecules bound
to the distal histidine in each of the a chain heme
pockets, as seen in HbA (Fermi et al., 1984). The
absence of liganded oxygen in our structure could
indicate that the anaerobic chamber is more effec-
tive than the nitrogen-®lled test-tube method
(Wishner et al., 1975) at deoxygenating the hemo-
globin sample, or it could be an indication of
improved phase accuracy resulting from our
re®nement.

The b chain amino termini have been implicated
along with the b His2 residues in binding DPG
(Richard et al., 1993). The amino termini of the bS

chains, are not well ordered in our crystal structure
showing very high temperature factors with rela-
tively little electron density visible around the ®rst
three residues in both Fo ÿ Fc and 2Fo ÿ Fc maps.
Our crystals, which were grown at a pH between
5.0 and 6.0, were transferred to a pH 7.0 stabilizing
solution that contained DPG prior to data collec-
tion. Nonetheless, DPG was not seen in our struc-
ture. We also crystallized HbS in the presence of
DPG with the goal of determining its structural
effects on polymerization of HbS. Crystals were
grown as described in Materials and Methods,
except for the addition of DPG at a 1:1 molar ratio
with hemoglobin tetramer. Diffraction analysis,
however, indicated that DPG was not bound. It is
possible that the crystallization conditions, particu-
larly the low pH (between 5.0 and 6.0), prevent
DPG-binding during co-crystallization exper-
iments. DPG exhibits pKa values of approximately
7.0 and 7.3 (Hobish & Powers, 1983), indicating
that it is at least partially protonated during crys-

Table 2. HbS lateral contacts

2.0 AÊ Structure 3.0 AÊ Structure
Contact 1 Contact 2 Contact 1 Contact 2

Residues (AÊ ) (AÊ ) (AÊ ) (AÊ )

bS
1 Lys66 (O)- bS

2 Pro5 (CG) 3.61 3.65a 3.32 4.84a

bS
1 Gly69 (C)- bS

2 Pro5 (CG) 3.89 3.96 3.78 3.85a

bS
1 Ala70 (N)- bS

2 Pro5 (CG) 3.83 3.88 3.23a 4.36
bS

1 Ala70 (CB)- bS
2 Val6 (CG2) 3.83 3.82a 4.83a 3.97a

bS
1 Asp73 (OD2)- bS

2 Thr4 (OG1) 3.11 3.01 3.03 4.21a

bS
1 Asp73 (OD2)- bS

2 Val6 (CB) 3.10 3.92a 2.99 6.32
bS

1 Asp79 (OD2)- a2 Ser49 (CA) 3.46 3.48 3.27 5.81a

bS
1 Asp79 (OD2)- a2 His50 (N) 2.83 2.88 3.98 7.37
bS

1 Asn80 (CG)- a2 His50 (CD2) 3.65 3.73a 5.71 7.91a

bS
1 Gly83 (O)- bS

2 Pro125 (CG) 3.99 4.10 3.46 5.20
bS

1 Thr84 (O)- bS
2 Val6 (CG1) 3.62 3.72 3.23 4.03

bS
1 Phe85 (CE1)- bS

2 Val6 (CG2) 3.95 4.10 4.91a 3.65
bS

1 Thr87 (CG2)- bS
2 Ala13 (CB) 3.65 4.63 4.17 3.83

bS
1 Thr87 (OG1)- bS

2 Ala10 (CA) 4.43 3.75 3.99 4.91a

bS
1 Thr87 (CG2)- bS

2 Val126 (CG2) 5.98 3.83 5.19a 6.06a

bS
1 Leu88 (CD2)- bS

2 Ser9 (OG) 3.50 3.36 4.14a 3.95
bS

1 Glu90 (OE2)- bS
2 Lys17 (NZ) 5.03 3.49 3.47 5.26

bS
1 Lys95 (NZ)- bS

2 Lys17 (NZ) 3.93 5.78 11.19a 9.32a

Residues closer than 4.0 AÊ are included with distances shown only for those atoms making the clo-
sest contact for each residue pair, except those designated with a, for which a closer atom pair is
present. Contact 1 and contact 2 refer to the two crystallographically unique lateral contacts. This
Table is a tabulation of data derived from the program CONTACTS (CCP4, 1994).

Figure 7. The two crystallographically distinct axial con-
tacts. a, The contact made between symmetry related
molecules of the ®rst strand (tetramer 1); b, the second
strand (tetramer 2) contact. The space ®lling models
depict atoms of the a2 and bS

2 subunits, and the bonds
decorating this surface model the bS

1 and a1 loops. The
color scheme for the space-®lled atoms is as in Figure 6.
The bonds are colored gray for carbon, blue for nitro-
gen, and red for oxygen. (Figure created using MIDAS,
Ferrin et al., 1988).
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tallization below pH 6.0. The inability of DPG to
bind in crystals stabilized at pH 7.0 suggests the
crystal lattice may sterically prevent binding.

A systematic analysis of the individual subunits
of HbS and HbA was undertaken to determine if
polymerization perturbs subunit structure. The a
chains showed no signi®cant differences among
the four crystallographically unique chains (data
not shown). The comparisons of the 1bS

1 with 2bS
1

and 1bS
2 with 2bS

2 chains yielded very little differ-
ence between atomic positions, while unlike chains
(i.e. 1bS

1 and 1bS
2) showed signi®cant differences.

These changes are primarily con®ned to areas

involved in the lateral contact, with changes seen
in both the donor (bS

2) and acceptor (bS
1) subunits.

The hinge-like movement of the A helices and the
subtle changes in the positions of residues in the
acceptor pocket demonstrate that plasticity in both
the donor and acceptor chains of the lateral contact
facilitates binding.

The acceptor pocket effectively buries the mutant
valine in the lateral contact, removing it from most
solvent interaction. As seen in Table 2, the mutant
valine contacts atoms from four different residues,
more than any other residue in this interface. How-
ever, the distances between the mutant valine and

Table 3. HbS axial contacts

2.0 AÊ Structure 3.0 AÊ Structure
Strand 1 Strand 2 Strand 1 Strand 2

Residues (AÊ ) (AÊ ) (AÊ ) (AÊ )

a1 Pro114 (O)- a2 Lys16 (NZ) 3.36 5.85 8.07 3.01
a1 Ala115 (CA)- a2 Lys16 (CE) 4.81a 3.74 8.31a 4.10a

a1 Pro114 (CB)- a2 Glu116 (OE1) 3.71 3.92 4.31a 2.92
bS

1 Gly16 (O)- bS
2 Lys120 (NZ) 3.08 4.69a 3.25a 5.15a

bS
1 Gly16 (O)- bS

2 Lys120 (CE) 4.20a 3.46 2.86 3.96
bS

1 Lys17 (CG)- bS
2 Phe118 (O) 3.76 3.91 3.86 5.01a

bS
1 Lys17 (NZ)- bS

2 His117 (O) 2.86 3.42 5.40a 2.92
bS

1 Lys17 (NZ)- bS
2 His116 (O) 6.12a 3.42 7.02 4.35

bS
1 Val18 (O)- bS

2 Lys120 (NZ) 3.21 2.93 3.88 4.13a

bS
1 Glu22 (OE2)- a2 His20 (NE2) 3.55 4.85 5.24 5.95a

bS
1 His117 (O)- a2 Pro114 (CG) 3.36 3.47 3.78 3.02
bS

1 His117 (O)- a2 Ala115 (CB) 3.37 3.26 3.35 6.40a

bS
1 Phe118 (C)- a2 Ala115 (CB) 3.82 3.69 3.09 5.28
bS

1 Phe118 (CD1)- a2 Pro114 (CG) 3.92 3.55 4.93a 6.02a

bS
1 Gly119 (N)- a2 Ala115 (CB) 3.78 3.63 3.18 5.69a

bS
1 Glu121 (OE2)- a2 Pro114 (CB) 3.71 3.79 4.63a 3.71

Residues closer than 4.0 AÊ are included with distances shown only for those atoms making the clo-
sest contact for each residue pair, except those designated with a, for which a closer atom pair is
present. Strand 1 and strand 2 refer to the two crystallographically unique lateral contacts formed
by tetramers 1 and 2 respectively. This Table is a tabulation of data derived from the program
CONTACTS (CCP4, 1994).

Figure 8. Stereo diagram comparing the residues of the 3.0 AÊ structure of HbS to the 2.05 AÊ structure in the area of
the lateral contact. The 2.05 AÊ structure is depicted in blue, with water molecules visible as small light blue spheres.
The red bonds represent the 3.0 AÊ structure. The bS

2 Val6 side-chains are depicted above the acceptor pocket, with
their g carbon atoms facing left in this view. Note the large differences in position of bS

1 Leu88 between the two struc-
tures, as shown just above and to the right of bS

2 Val6. The molecules were aligned and displayed using O, (Jones et
al., 1991).
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the hydrophobic residues of the acceptor pocket
indicate that only a few atom pairs are in close van
der Waals contact. In addition to buried hydro-
phobic regions, ordered water molecules near the
valine side-chain provide bridging hydrogen
bonds across the lateral contact. These water mol-
ecules are clustered in the bend between the F0 and
F helix, which is found in mammalian but not
invertebrate and primitive vertebrate hemoglobins
(see Figure 2, Aronson et al., 1994). This hydrated
bend appears essential for formation of the
observed lateral contact. The presence of water
molecules illustrates that, although the core of the
lateral contact is hydrophobic, extensive hydrophi-
lic interactions also occur between tetramers.

The lateral contact also involves an interaction
between the acceptor pocket b chain (bS

1) and the
a2 chain from the donor tetramer. This is seen in
Table 2 as contacts between bS

1 Asp79 and bS
1

Asn80 with a2 Ser49 and a2 His50. The interaction
is more extensive in our structure than in the 3.0 AÊ

structure, and the association of bS
1 Asn80 with a2

His50 is only seen in our structure. Studies of
hemoglobin mutants (Hemoglobin G Szuhu (bS

1

Asn80! Lys)) polymerized with HbS show the bS
1

80 position to be important in the polymerization
process (Nagel et al., 1980).

The other physiologically relevant interfaces in
the crystal are the axial contacts. These involve
molecular interfaces between tetramers translated
one unit cell along the a axis (vertical in Figure 3).
The residues involved in this interface are indi-
cated in Table 3. The interface is made up of a2

AB, a2 GH, and the bS
2 GH corners from the lower

tetramer, and bS
1 AB, bS

1 GH, and the a1 GH corners
from the upper tetramer. The contact is dominated
by non-polar interactions involving a2 Pro114 and
a2 Ala115 of one tetramer interacting with bS

1

His116, bS
1 His117, and bS

1 Phe118 of a second tetra-
mer. The b, g, and d carbon atoms of a2 Pro114
form a bulge on the protein surface which is cov-
ered by a small pocket formed between the side-
chains of bS

1 His117 and bS
1 Phe118 (Figure 5). In

this contact, bS
1 Lys17 and bS

1 Glu121 are examples
of several disordered residues on the periphery
which display different conformations in the two
interfaces. Water molecules also show some varia-
bility, particularly those located away from the
core hydrophobic interaction.

Recent studies using recombinant hemoglobin
have shown that the bS

1 95 position is important for
promotion of polymerization (Himanen et al.,
1995). Our structure has bS

1 Lys95 placed so that its
terminal amino group is close (3.93 AÊ ) to the term-
inal amino group of bS

2 Lys17 from the donor tetra-
mer in one of the lateral contacts. Both chains,
however, are disordered (temperature factors for g,
d, and z atoms greater than 35 AÊ 2), and such inter-
actions would be unfavorable. Nor is there any
involvement of this residue in either tetramer in
any non-physiological lattice contacts. This is con-
sistent with the interpretation that bS

1 Lys95 is

involved in inter-double strand contacts (Cretegny
& Edelstein, 1993; Watowich et al., 1993).

The double strands found in the crystal are
straight, while electron microscopic investigations
indicate that the double strands have a slight heli-
cal twist in ®bers (Eaton & Hofrichter, 1990). This
twist is very subtle, with ten tetramer pairs
required to facilitate one quarter of a helical turn
(Edelstein, 1981). Padlan & Love (1985b) proposed
that differences in the extent of interaction in the
two distinct lateral contacts could account for
the helical twist. In the re®ned structure, however,
the two crystallographically unique lateral contacts
are quite similar. We believe that accomodation by
residues in the periphery of the axial and lateral
contacts would permit twisted strand formation,
while the core hydrophobic interactions of these
contacts would remain basically unchanged. Our
re®ned structure provides an initial model to test
this hypothesis with site-directed mutagenesis and
molecular modelling.

We have determined a high resolution model of
sickle cell hemoglobin from a physiologically rel-
evant crystal form. Our structural analysis shows
key differences from the lower resolution model,
most notably in the lateral contacts. The accurate
positioning of side-chains combined with the place-
ment of solvent permits a renewed effort for design
of inhibitors of HbS polymerization. This accurate
model will be useful for structure-based mutational
studies aimed at further elucidating the contri-
butions of individual amino acids in the polym-
erization process.

Materials and Methods

Preparation of HbS

HbS was obtained from the discarded blood of
patients with sickle cell disease who received exchange
transfusions. Heparinized red cells were washed with a
0.9% (w/v) saline solution. Packed cells were hemolyzed
in ®ve volumes of 5 mM potassium phosphate buffer
(pH 7.4), containing 0.5 mM EDTA. After removing stro-
ma, HbS in the CO form was puri®ed using a DEAE
Sephadex column by gradient elution from 40 mM Tris-
HCl (pH 8.3) to 40 mM Tris-HCl (pH 7.3) as described
elsewhere (Adachi & Asakura, 1979).

Crystallization

Crystals were grown by the method published pre-
viously (Wishner et al., 1976), with several modi®-
cations. HbS was suspended in 30 mM phosphate
buffer (pH 7.0), decarboxylated and deoxygenated,
then concentrated to approximately 120 mg/ml. This
sample was then transferred into an anaerobic chamber
(Anaerobe Systems, Santa Clara, CA, U.S.A.), a few
grains of sodium dithionite added, and a visible spec-
trum taken to con®rm deoxygenation just prior to the
crystallization setup. Crystallization was carried out
using the procedure of Wishner et al. (1976), except for
a decrease in volumes used. In one to two days, the
samples polymerized into the distinctive HbS gel. Crys-
tals formed from the gelled HbS after approximately
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12 days, but were allowed to grow for up to three
months. As with those grown by Wishner et al. (1976),
crystals grew twinned at pH 5.0 to 6.0, and had to be
transferred to a stabilizing solution (pH 7.0) and cut
prior to mounting. All crystal manipulations including
buffer changes and crystal cutting were performed in
the anaerobic chamber.

Data collection

Diffraction data were measured on a RAXIS-IIC ima-
ging plate system mounted on a Rigaku RU-200 rotat-
ing anode generator (Molecular Structure Corporation,
The Woodlands, TX, U.S.A.), operating at 50 kV,
100 mA. Crystals were mounted in 2 mm diameter
glass capillaries (Charles Supper Company, Natick,
MA, U.S.A.) in the anaerobic chamber, and sealed with
epoxy cement. The crystals exhibited diffraction to
Bragg spacings corresponding to 2.0 AÊ resolution, and
diffraction data were collected from three crystals.
These showed the symmetry of space group P21, with
cell constants a � 52.93 AÊ , b � 185.68 AÊ , c � 63.34 AÊ ,
and b � 92.74�. All three crystals used for this study
grew in the same culture tube which contained 10 ml of
protein (120 mg/ml), 5 ml citrate buffer (pH 4.0), and
4 ml of 33% PEG 8000. Data were collected from the
®rst crystal mounted with its b axis perpendicular to
the spindle axis. The second and third were mounted
such that the b axis was roughly parallel to the spindle
axis to allow a larger oscillation angle to be used (3.0
degrees), which lowered the R-merge of the scaled
data. The data were processed and scaled with
DENZO and SCALEPACK, respectively (Otwinowski,
1993). The intensity data were merged using seven
frames from the ®rst crystal, 18 from the second, and
47 from the third, yielding 244,989 total observations.
From these data, 72,955 unique re¯ections were
obtained, which constitutes 95.0% of predicted data to
2.05 AÊ , with an R-merge of 9.3%.

Refinement

Using the data collected to 2.05 AÊ , and the 3.0 AÊ

structure (Padlan & Love, 1985a) as the initial model,
simulated annealing protocols were performed using
XPLOR (BruÈ nger, 1992b). A test set containing 10% of
the diffraction data was reserved for determination of
a free R-factor (BruÈ nger, 1992a), which was used
throughout the entire re®nement process. In the ®rst
round, the two tetramers were restrained by non-crys-
tallographic symmetry (NCS); in the second round, all
NCS restraints were lifted. After these molecular
dynamics minimizations, the free R-factor had dropped
from 37.9 to 27.1%, while the conventional R dropped
from 37.8 to 21.2%. Five shells of water molecules
were then added using the programs PEAKS and
LOCATE, written by Wayne Hendrickson (Columbia
University), and re®ned using positional re®nement
and individual B-factor re®nement, but no simulated
annealing. Water molecules were located as peaks with
density greater than 3.0 s in Fo ÿ Fc maps, and greater
than 1.0 s in 2Fo ÿ Fc maps, which were also stereoche-
mically reasonable. At each step of the re®nement pro-
cess, the free R-factor was monitored, and structures
for which this value decreased were kept. After each
water shell addition, the structure was analyzed using
the molecular visualization program O (Jones et al.,
1991) to check for agreement with 2Fo ÿ Fc and Fo ÿ Fc

maps. A bulk solvent correction was applied to the

®nal structure. The atomic coordinates and structure
factors have been deposited in the Protein Data Bank
under the accession number 2HBS.

The program WATERPATH, written by Steve Sheriff
(Bristol-Meyers Squibb Institute), was used to check the
lateral and the axial interfaces for bridging water mol-
ecules, and these water molecules were included in the
Figures.
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