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Abstract

Crystallographic studies of the intermediate states between unliganded and fully liganded hemoglobin (Hb)
have revealed a large range of subtle but functionally important structural differences. Only one T state has
been reported, whereas three other quaternary states (the R state, B state, and R2 or Y state) for liganded
Hb have been characterized; other studies have defined liganded Hbs that are intermediate between the T
and R states. The high-salt crystal structure of bovine carbonmonoxy (CO bovine) Hb has been determined
at a resolution of 2.1 A and is described here. A detailed comparison with other crystallographically solved
Hb forms (T, R, R2 or Y) shows that the quaternary structure of CO bovine Hb closely resembles R state
Hb. However, our analysis of these structures has identified several important differences between CO
bovine Hb and R state Hb. Compared with the R state structures, the 3-subunit N-terminal region has shifted
closer to the central water cavity in CO bovine Hb. In addition, both the a- and 3-subunits in CO bovine
Hb have more constrained heme environments that appear to be intermediate between the T and R states.
Moreover, the distal pocket of the B-subunit heme in CO bovine Hb shows significantly closer interaction
between the bound CO ligand and the Hb distal residues Val 63(E11) and His 63(E7). The constrained heme
groups and the increased steric contact involving the CO ligand and the distal heme residues relative to
human Hb may explain in part the low intrinsic oxygen affinity of bovine Hb.
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The human adult hemoglobin (HbA) tetramer consists of
two a- (141 amino acid residues) and two B- (146 amino
acid residues) subunits. The alB1 and «a2B2 dimers are
related by a molecular twofold axis of symmetry or molecu-
lar dyad that intersects the central water cavity. Perutz
(1970, 1972) and Baldwin and Chothia (1979) elucidated at
atomic resolution the structures of the T (tense) and R (re-
laxed) forms embodied in the two-state MWC model
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(Monod et al. 1965), which assumes that the T and the R
states switch allosterically without intermediate states. A
ligand-bound Hb known as R2 (Silva et al. 1992) or Y
(Smith et al. 1991; Smith and Simmons 1994) has been
proposed as an intermediate between the T and R structures.
However, further analysis has shown that R2 (Y) is not an
intermediate in the T to R transition, but rather is another
relaxed end-state structure (Janin and Wodak 1993). Sri-
nivasan and Rose (1994) have further suggested that R2 (Y)
may be the authentic liganded conformation and that the
classical R structure actually lies in the pathway from T to
R2 (Y) transition. Another liganded Hb, termed B (Kroeger
and Kundrot 1997), also has been discovered recently. This
is a mutant Hb with BAsn108 mutated to a Lys, and the
a-subunits covalently bound together by glycine. Schuma-
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cher et al. (1995) have reported liganded Hb with cross-
linked (3-subunits as possible transitional intermediates be-
tween the T and R states.

Only one classical T state conformation has been ob-
served for unliganded human (Fermi et al. 1984), bovine
(Perutz and Fermi 1993), and horse (Bolton and Perutz
1970) Hbs. Several partially and fully liganded T state struc-
tures of HbA (Brzozowski et al. 1984; Abraham et al. 1992;
Liddington et al. 1992; Paoli et al. 1996) have also been
reported, but they do not differ significantly in quaternary
structure from the unliganded T state structure (Fermi et al.
1984).

This study reports the crystal structure of high-salt bovine
carbonmonoxy (CO bovine) Hb at a resolution of 2.1 A.
Bovine Hb has been of interest in part because of its ability
to function without the aid of 2,3-diphosphoglycerate
(DPQG), the principal allosteric effector of HbA. This usually
conserved allosteric effector binding site in mammals is
altered by the deletion of BHis 2(NA2) in bovine Hb, an
important residue that binds the in vivo allosteric effector
DPG. As noted by Perutz and Imai (1980), mammals (such
as human) with hydrophilic residues at the second position
of the B-subunit N terminus have high intrinsic oxygen
affinity, whereas those like bovine Hb, which lack this resi-
due through deletion and replacement by an N-terminal Met
or substitution by a hydrophobic residue (as in cat and lemur
Hbs), have low oxygen affinity. The investigators predicted
that the deleted or substituted hydrophobic residues would
lead to hydrophobic interactions between the 3-subunit N-
terminal residues and the hydrophobic core of the 3-sub-
units, resulting in the shifting of the N-terminal residues
toward the center of the molecular dyad. The crystal struc-
ture of bovine deoxygenated (dxy bovine) Hb solved by
Perutz and Fermi (1993) indeed showed a 2.1-A shift of the
N termini and A-helices of the (3-subunits toward the mo-
lecular dyad. The investigators associated this movement
with the low intrinsic oxygen affinity of bovine Hb. In fact,
the contraction of the N terminus and A-helix in bovine and
other mammals mimics the effect of DPG in HbA, in which
the binding of DPG leads to the contraction of the secondary
structure toward the molecular dyad (Arnone 1972). The
CO bovine Hb reported here shows a similar displacement
(2.1 A) of the N termini and A-helices of the B-subunits
toward the molecular dyad relative to the human oxygen-
ated (oxy human) Hb. In addition, the CO bovine Hb struc-
ture displays a number of tertiary and quaternary structural
features that are intermediate between T and R state Hb,
including constrained o- and -subunit heme groups and
environments. Moreover, the distal pockets at the (3-subunit
heme groups show close nonbonded contacts between the
CO ligand and Hb residues Val 67(E11) and His 63(E7). It
therefore appears that the more constrained heme groups in
CO bovine Hb, in addition to the increased steric hindrance
to ligand binding at the (-subunit hemes, might partially
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explain its low oxygen affinity. There are also other signifi-
cant differences between the two. The rigid body rotation
angle relating the o232 dimers of CO bovine Hb and R
state Hb, after superposition of the 11 dimers, is rela-
tively higher than values observed between classical R state
hemoglobins. Also, the al1B2 (a231) interface of the so-
called “switch region” (Baldwin and Chothia 1979) of CO
bovine Hb is more open than that of R state Hb.

Results and Discussion

Crystallographic refinement and overall
structural comparison

The asymmetric unit of CO bovine Hb contains one
alBla2B2 tetramer, with 572 Hb amino acid residues, 4
heme groups, 4 carbon monoxide, and 87 water molecules.
The 2.1-A crystallographic R-factor and R-free are 20.5%
and 25.4%, respectively. The electron density map (2Fo-Fc)
at 1.0o0 shows continuous density for the entire polypeptide
main-chain atoms except for diffuse density at the N- and
C-terminal residues (aVal 1, BMet 2, aArgl41, and BHis
146). The main subunit dihedral angles for most of the
residues in the final model (91.1%) lie within the most-
favored regions of the Ramachandran plot, as calculated by
PROCHECK (Laskowski et al. 1993), with only one residue
(B1Leu 3) found in the disallowed region. The error in the
atomic coordinates is 0.26 A by Sigmaa (Read 1986). Other
statistics are listed in Table 1.

Table 1. Summary of crystallographic analysis

Data collection

Space group P2,2,2,
Unit cell dimensions (A) 79.41 110.63 65.40
Resolution (A) 2.1 (2.15-2.1)
No. of measurements 122102
No. of unique reflections 32949
Rmerge 10.3 (42.0)
Completeness (%) 96.2 (92.7)
I/sigma I 5.7
Structure Refinement
Resolution limit 64.5-2.1
No. of reflections 32949
Rfactor 20.5
Rfree 25.4
Rmsd from standard geometry
Bond-length (A) 0.013
Bond-angles (°) 1.73
Average B-values
All nonhydrogen atoms 36.6
Protein atoms 36.6
Heme atoms 34.5
CO atoms 31.0
Water atoms 44.0

Numbers in parentheses refer to the outermost resolution bin.



Crystal structure of bovine carbonmonoxy hemoglobin at 2.1 A resolution

The a- and B-subunits of bovine and human Hbs have
88% and 84% sequence identity, respectively. The two Hbs
differ by the deletion of BHis 2 in bovine, which reduces the
B-subunit to 145 amino acids. As in human Hb, the a-sub-
unit of bovine Hb contains 141 amino acids. The «- and
B-subunit sequences of bovine and horse Hbs are 90% and
83% 1identical, respectively, and bovine and pig Hbs are
87% and 84% identical, respectively. The CO bovine Hb
dimer (alB1) superimposes on the corresponding oxy
(Shaanan 1983) and dxy (Fermi et al. 1984) human Hb
dimers with rmsd of 0.65 and 0.80 A, respectively, for all
Ca atoms (minus the three residues at the N and C terminus
of each subunit). Figure 1A shows the superposition of
alB1 of CO bovine and oxy human Hbs. Most regions of
the structures are very similar; however, significant differ-

B2

Fig. 1. Superposition of CO bovine Hb and other Hb structures. The
structures were superimposed with the a131 dimer as described in the text.
(A) Figure of the least-squares superposition of the alf1 dimer of CO
bovine and oxy human Hbs. The a-subunits are on top and colored ma-
genta and cyan for CO bovine Hb and oxy human Hb, respectively. The
3-subunits are colored red and yellow for CO bovine Hb and oxy human
Hb, respectively. (B) Stereo figure of the switch region of T state dxy
human Hb (cyan), CO bovine Hb (yellow), R state oxy human Hb (red),
and R2 state CO human Hb (purple).

ences occur at the N terminus and A-helix of the [3-subunit,
which have moved in CO bovine Hb toward the central
water cavity by approximately 2.1 A relative to oxy human
Hb. A similar contraction for the N-terminal region is also
observed in horse methemoglobin (met horse) Hb (1.1 A)
and pig methemoglobin (met pig) Hb (1.2 A) relative to oxy
human Hb. In dxy bovine Hb there is also a contraction of
the N-terminal region by 2.1 A relative to dxy human Hb
(Perutz and Fermi 1993). The observed contraction in dxy
bovine Hb has been attributed to the single-residue deletion
(BHis 2) and the dimer pair residues BPro 5—Ala and BTyr
130—Phe (Perutz and Fermi 1993). This contraction has
been associated with the low intrinsic oxygen affinity of
bovine Hb compared with human Hb (Perutz and Fermi
1993). The Ps, values measured in stripped Hb solutions are
4.1 mmHg for human Hb, 5.6 mmHg for pig Hb, and 13.1
mmHg for bovine Hb (Bunn 1971).

alBl (a2PB2) interface

The a1B1 («2f32) dimer interface of CO bovine Hb contains
similar noncovalent interactions as the R state structures of
met pig Hb (Katz et al. 1994), met horse Hb (Ladner et al.
1977), oxy human Hb (Shaanan 1983), and CO human Hb
(Baldwin and Chothia 1979). All residues involved in hy-
drogen bonding or salt bridge interactions at this interface
are conserved in these five Hb structures, except for BHis
116, which is arginine in pig, horse, and bovine Hbs. Simi-
lar interactions are also observed in the T state dxy human
(Fermi et al. 1984), the R2 state CO human (Silva et al.
1992), and the Y state CO Ypsilanti (Smith et al. 1991) Hb
structures.

alPB2 (a2B1) interface

As indicated by Baldwin and Chothia (1979), the o132
(a2B1) dimer interface of the T and R states is characterized
by diagnostic switch and flexible joint regions. They noted
that transition between the T and R quaternary forms results
in significant changes in the relative positions of the resi-
dues in the switch region, whereas residue positions in the
joint region remain relatively unchanged. An analysis of the
contacts between the o132 interface of CO bovine Hb, and
selected T state, R state, and R2 state Hbs, are listed in
Table 2. The values in parentheses are the distances between
the Ca-Ca of the listed residues. In T state Hb, the switch
region has B2His 97(FG4) positioned between olPro
44(CD2) and a1Thr 41(C6). The transition to the R state
repositions 32His 97(FG4) to lie between residues o1 Thr
38(C3) and alThr 41(C6). This results in formation of a
hydrogen bond between 32His 97(FG4) and a1Thr 38(C3)
as observed in oxy human Hb (Shaanan 1983) and CO
human Hb (Baldwin and Chothia 1979), or f2His 97(FG4)
with alThr 41(C6) as found in met pig Hb (Katz et al.
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Table 2. Contact residues of the alP2 interface of various hemoglobin states

CO bovine Met horse CO human Oxy human Met pig CO human Dxy human

Contact (R) (R) (R) (R) (R) (R2) (T)
Switch region

alThr38(OH) — B2His97(0) 3.8(6.3) 43(54) 2.8(5.2) 32(5.2) 49(5.3) 5.7 (7.0 9.9 (8.9

al1Thr41(OH) —B2His97(NH) 3.7(7.8) 3.8(7.4) 3.7(7.2) 4.0(7.3) 3.1(7.1) 53(9.5) 7.0 (4.7)

alPro44 —B2His97 (13.1) (13.0) (12.8) (12.6) (12.3) (14.8) (7.2)

alThr38(OH) —B2Asp99(N) 5.6 (8.3) 5.0 (7.0) 4.2(6.7) 4.3(6.9) 4.7 (6.5) 7.5(9.5) 5.6 (6.1)

al1Tyr42(OH) —B2Asp99(0ODI) 7.6 (12.8) 8.6 (12.7) 8.5 (12.7) 8.5 (12.7) 7.9 (12.2) 9.4 (13.9) 2.5(7.8)
Intermediate region

alVal96 —B32Asp99 (7.8) (8.0) (8.3) (8.0) (8.0) (7.6) (10.1)

alAsn97(ND2) —B32Asp99(0ODI) 580.1) 5.0(8.9) 4.7 (9.0) 4.7(9.0) 428.7) 7.2(9.5) 2.8(9.4)

alAsp94(0OD2) —B2Asn102(ND2) 2.8(09.2) 2.909.2) 3.0 (9.0) 2.8(9.2) 2.8(9.4) 2.8(9.2) 5.7(8.1)

al1Thr41(0) —B2Arg40(NH2) 3.1(11.4) 3.4(11.0) 2.9(10.2) 3.4(10.4) 5.1(11.3) 3.5(1L5) 4.8 (12.0)
Joint region

alArg92(NH2) —B2GIn39(OEI) 3.0(7.5) 42(7.9) 2.9(8.0) 3.2(7.8) 4.9 (8.4) 4.4 (7.5) 4.5(8.5)

alArg92 —B2Glu43?* (10.6) (11.5) (11.9) (11.3) (11.0) (10.9) (12.5)

alAsp94(ODI) —B2Trp37(NE1) 3.8(5.5) 3.7(5.6) 3.5(5.6) 3.5(5.7) 3.6(5.4) 3.7(5.4) 3.0(7.1)

Values in parentheses are the Ca—Ca distances. In the structures with a tetramer in the asymmetric unit, the contact distances shown are those between the
a1PB2 interface. Similar contact distances are also observed at the 231 contact region. Distances are in A.

“In horse hemoglobin, Glu43 is Asp43.

1994). These contacts have been lengthened beyond 3.7 A
in met horse Hb (Ladner et al. 1977). Similarly, R2 or Y
state has 32His 97(FG2) positioned between a1 Thr 38(C3)
and alThr 41(C6); however, 32His 97(FG2) no longer
forms hydrogen bonds with either residue. According to
Silva et al. (1992), the disengagement of the 32His 97(FG2)
from a1 Thr 38(C3) and a1Thr 41(C6) in the R2 state would
facilitate a transition to the T state with less steric interfer-
ence than is observed for the R to T transition.

Like the other R state Hb, the CO bovine Hb structure has
B2His 97(FG4) positioned between olThr 38(C3) and
alThr 41(C6). Similar to met horse Hb, the hydrogen-bond
contacts between 2His 97(FG4) and «lThr 38(C3) or
alThr 41(C6) in CO bovine Hb have also become longer
and broken (Table 2). Comparison of the Ca—Ca distances
also reveals significant separation of the switch region in
CO bovine Hb, compared with the other R state structures.
The Ca—Ca distance between B2His 97(FG4) and the two
residues a1Thr 38(C3) and a1 Thr 41(C6) in CO bovine Hb
are lengthened (6.3 and 7.8 A, respectively). The corre-
sponding distances in the other R state structures are 5.2—
54 A and 7.1-7.4 A, respectively. Similarly, the Ca—Ca
distance between olThr 38(C3) and B2Asp99(FGO) is
lengthened (8.3 A), compared with 6.5-7.0 A found in the
other R state structures. Although a similar disengagement
is found in the switch region of the R2 state, the magnitude
and direction of displacement is different. In the R2 state,
the Ca—Ca contact of alThr 38 (C3) and B2Asp99(FG6)
move even further apart to 9.5 A. The 2His 97(FG4) in the
R2 state also moves 7.0 and 10.9 A away from «lThr
38(C3) and alThr 41(C6), respectively. Figure 1B shows
the a132 switch region interface of CO bovine Hb, R state
oxy human Hb (Shaanan 1983), R2 state CO human Hb
(Silva et al. 1992), and T state dxy human Hb (Fermi et al.
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1984) with the alp1 of all four structures superimposed.
We used the a1B1 dimer reference frame, which has been
found to remain structurally unchanged during the T to R
transition (Baldwin and Chothia 1979), to superimpose the
various Hb structures. It is quite obvious that in the R2 state
the FG corner of the B2-subunit, including the [32His
97(FG4), rotates and shifts downward away from the C-
helix of the al-subunit and also moves sideways in the
direction of the C-terminal direction of the a-subunit chain.
A similar downward movement of the FG corner is also
observed in CO bovine Hb, but it is smaller in magnitude
and the displacement is toward the N-terminal end, in the
direction of the T state position. Although not shown in
Figure 1B, the position of B2His 97(FG4), and for that
matter the whole switch interface in the Y state CO Ypsi-
lanti (Smith et al. 1991), is similar to that of R2 state CO
human Hb. The result is an o132 switch interface in both
CO bovine Hb and R2 state (or Y state) structures that is
significantly more open than the R state structures. This
could explain why the quaternary difference (see Table 3
and later discussion) between CO bovine and R2 or Y state
Hbs is slightly smaller than that between the classical R
state and the R2 or Y states.

For all three Hb states, only a slight movement of the
residues in the flexible joint region occurs during any of the
transitions as indicated by both hydrogen bonding and Ca—
Ca contacts (Table 2). Unlike the switch region, the joint
region of the T state seems slightly more open than in the
liganded Hb as indicated by the Ca—Ca distances, although
the hydrogen bond between alAsp94(FG4) and B2Trp
37(C3) is relatively shorter in the T state than in the li-
ganded Hb. CO bovine Hb, and to some extent R2 state Hb,
show a slight compression in this region compared with the
R state Hb. In the region between the switch and joint
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(termed as intermediate), the changes observed between the
T and R states are mostly differences in hydrogen bonds.
Compared with the switch region, changes in Ca—Ca dis-
tances between the residues in the intermediate region are
relatively small during the T to R transition. The interme-
diate regions of CO bovine Hb and R2 state CO human Hb
are also characterized by the classical R state hydrogen
bond contacts.

Quaternary Structure

For a measure of quaternary variation among the structures,
we used the a1B1 dimer reference frame to superimpose the
various Hb structures, and the rmsd of the superimposed
alB1 dimers is reported in the top entry of Table 3. The
rmsd of the nonsuperimposed o232 dimers, and the rigid
body rotation that relates the nonsuperimposed a232 dimers
of the structures, were then determined to illustrate quater-
nary differences between the hemoglobins. The two quater-
nary indices are reported in the middle and bottom entries of
Table 3, respectively.

The largest rmsd values between the superimposed a11
dimers are between the liganded and the T state Hb, which
are likely due to changes in tertiary structures that result

posed a2B2 dimers ranges from 0.57 to 8.60 A, with the
largest deviations of about 8.60 A observed between the T
to R2 (Y) transition. The rmsd between the T and R state
structures varies between 4.88 and 5.78 10\, whereas values
for the R to R2 (Y) transitions range from 2.73 to 5.36 A.
The corresponding deviations among the R state structures,
including CO bovine Hb, are relatively small, with values
from 0.57 to 2.49 A. The rigid body rotation also shows a
transition from T to R2 (Y) to be the largest, involving a
rotation of about 21.5°. This value is almost twice as much
as that observed in the T to R transition (10.8°-13.7°). The
R to R2 (Y) transition involves a rotation of 7.9°-14.1°.

Both analyzed quaternary indices indicate that the con-
formational changes in the T to R2 (Y) transition are the
largest, followed by the T to R transition, and lastly the R to
R2 (Y) transition. Thus, it would appear that the quaternary
differences argue against the R2 state or Y state as an in-
termediate on the T to R pathway. As indicated by Janin and
Wodak (1993) and Srinivasan and Rose (1994), the R2 or Y
state may represent another relaxed end state, with the clas-
sical R state lying on the pathway between the T to R2 (Y)
transition.

The rmsd of the nonsuperimposed «232 dimers of CO
bovine Hb and the other R state Hb is 1.56-2.49 A. The

from ligand binding. The rmsd between the nonsuperim- corresponding values between the R state structures without

Table 3. Tertiary and quaternary structure differences of selected hemoglobins

CO bovine (R) Met horse (R) CO human (R) Oxy human (R) Met pig (R) CO human (Y) CO human (R2) Dxy human (T)

CO bovine (R) — 0.44 0.61 0.65 0.63 0.64 0.67 0.80
— 1.56 1.93 1.90 2.49 2.73 3.27 5.78

— 2.4 4.5 4.9 5.6 79 9.2 13.2
Met horse (R) 0.44 — 0.54 0.57 0.57 0.56 0.62 0.78
1.56 — 0.99 0.79 1.16 3.62 435 5.41

2.4 — 2.1 2.7 3.6 8.8 10.5 13.0
CO human (R) 0.61 0.54 — 0.34 0.64 0.39 0.49 0.83
1.93 0.99 — 0.57 1.26 3.82 4.55 5.19

4.5 2.1 — 1.6 3.0 9.7 11.7 13.6
Oxy human (R) 0.65 0.57 0.34 — 0.65 0.23 0.45 0.82
1.90 0.79 0.57 — 1.03 3.89 4.62 5.06

49 2.7 1.6 — 1.4 11.1 13.0 12.2
Met pig (R) 0.63 0.57 0.64 0.65 — 0.66 0.76 0.78
2.49 1.16 1.26 1.03 — 4.61 5.36 4.88

5.6 3.6 3.0 1.4 — 12.3 14.1 10.8
CO human (Y) 0.64 0.56 0.39 0.23 0.66 — 0.40 0.85
2.73 3.62 3.82 3.89 4.61 — 0.98 8.19

7.9 8.8 9.7 11.1 12.3 — 23 21.1
CO human (R2) 0.67 0.62 0.49 0.45 0.76 0.40 — 0.92
3.27 435 4.55 4.62 5.36 0.98 — 8.60

9.2 10.5 1.7 13.0 14.1 2.3 — 22.1

Dxy human (T) 0.80 0.78 0.83 0.82 0.78 0.85 0.92 —

5.78 5.41 5.19 5.06 4.88 8.19 8.60 —

132 13.0 13.6 12.2 10.8 21.1 22.1 —

The Ca atoms (minus three residues at the terminal ends) were used for the superposition with the program LSQMAN (Kleywegt and Jones 1996). For each
pair of hemoglobin tetramers compared, the top entry corresponds to the rmsd of the superimposed o131 dimers. The middle entry corresponds to the rmsd
between the nonsuperimposed a232. The bottom entry corresponds to the rigid body rotation relating the nonsuperimposed «232 dimers. The rmsds and
rigid body rotation differences are in A and degrees, respectively.
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CO bovine Hb are 0.57-1.26 A. Similarly, the rigid-body
rotation relating the nonsuperimposed o232 dimers of CO
bovine Hb to the R state structures is between 2.4° and 5.6°,
compared with values of 1.3°-3.6° among the R state struc-
tures without the CO bovine structure. It appears that the
quaternary differences between CO bovine Hb and the R
state structures are unusually high, if we assume that CO
bovine Hb is in the R state conformation. We also note that
the quaternary indices between CO bovine and met horse
Hbs are the smallest. It is also interesting to note that, in all
cases, the quaternary differences between R2 (Y) state and
CO bovine Hbs are slightly smaller than those observed
between R2 (Y) state and the other R state structures. This
is consistent with an a1B2 switch interface in CO bovine
and R2 state (Y state) Hbs that is significantly more open
than the R state structures.

Heme environment

In CO bovine Hb, all four heme groups, as well as the CO
ligands, are well-defined by electron density in both omit
and 2Fo-Fc maps. Figure 2 shows a final 2Fo-Fc electron
density map of the heme groups and their environments.
The temperature factors for the CO ligand atoms are com-
parable to the rest of the heme atoms. Table 4 compares the
stereochemistry of the Fe, bound CO (O2 in oxy human
Hb), and their immediate environment for CO bovine Hb, R
state CO human Hb (Baldwin and Chothia 1979), R state

Fig. 2. Stereo figure of the final 2Fo-Fc electron density map of the heme
and associated protein residues of CO bovine Hb contoured at 1 o for
al-subunit (A) and B1-subunit (B). Similar electron densities are observed
at the a2 and B2 subunit hemes and environments.

1096 Protein Science, vol. 10

oxy human Hb (Shaanan 1983), and R2 state CO human Hb
(Silva et al. 1992). It appears that the noncovalent contact
between the CO ligand and the distal residues BHis 63(E7)
and BVal 67(E11) at the two B-hemes of CO bovine Hb are
consistently shorter than the corresponding distances in the
other structures. As pointed out by Perutz (1970), steric
hindrance to ligand binding by these distal residues is domi-
nant in 3-subunit hemes and is a contributing factor to the
low oxygen affinity of the T state. Thus, the low oxygen
affinity of the bovine Hb could be explained partly by the
increased steric hindrance to ligand binding by the distal
residues in the B-hemes. In contrast, we do not observe any
significant and consistent differences in these contacts at the
a-hemes for all four liganded structures.

Perutz (1972) has also attributed the low oxygen affinity
in T state Hb to tension from the proximal histidine that
restrains the movement of the Fe atom from its out-of-plane
position in the T state to its in-plane position in the R state.
Figure 3, A and B, illustrates the structural differences at the
a-subunit heme, part of the C-helix (residue 42), CD corner
(residues 43-46), E-helix (residues 58-62), F-helix (resi-
dues 84-90), and FG corner (residues 91-93) for CO bo-
vine, oxy human (R state), CO Ypsilanti (Y state), and dxy
human (T state) Hbs. The a1 1 reference frame was used
for superposition of the structures, as already defined in the
text. In CO bovine Hb, the F-helix (showing the proximal
histidine) and the FG corner in both a1 and a2 subunits are
not in the fully relaxed position, but rather show a small but
significant shift of 0.36 A in the al-subunit and 0.38 A in
the a2-subunit (averaged for 11 Ca atoms of the F-helix and
FG corner) toward the corresponding T state positions. In
addition, the CO bovine heme, unlike the R state Hb, is
essentially in the T state position. However, in the T state
the heme shows a slight tilt toward the FG corner and also
shows a doming made by the out-of-plane Fe atom. The
E-helix, C-helix, and CD corner show very little variation
among the structures; however, the side chain of the T state
distal histidine drops slightly toward the heme position. In
contrast to CO bovine Hb, the F-helix and FG corner of the
Y state CO Ypsilanti are slightly more displaced from the T
state than is the R state.

Like the a-subunits, the F-helix (residues 88-95) and FG
corner (residues 96-98) in both 31- and 32-subunits of CO
bovine Hb are displaced toward the T state direction (Fig.
4A.B) by 0.32 A and 0.55 A, respectively. Again, the F-
helix and FG corner of the Y state CO Ypsilanti Hb are
removed further from the T state than is the R state. In
contrast to the heme positions in the a-subunits, the posi-
tions of the B-subunit hemes in all the liganded structures,
including CO bovine Hb, are quite identical. In the T state,
there is a large tilt and translation of the heme toward the FG
corner. Although there is little variation at the C-helix
(residues 41-42) and CD corner (residues 43-45) of all exam-
ined Hb states, that of CO bovine Hb is much closer to the T
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Table 4. Geometry of heme groups and environments in liganded hemoglobins

CO bovine (R)

CO human (R2) CO human (R) Oxy human (R)

al o2 Bl B2 al a2 Bl B2 al Bl al Bl
Fe-His(F8)NE2 2.05 2.13 2.13 2.05 2.08 2.13 2.10 2.10 2.09 2.08 1.94 2.07
Fe-Val(E11)CG2 4.95 5.08 4.84 4.89 4.80 4.96 4.87 497 5.02 487 479 4.66
(Fe-N oo 2.02 2.03 2.00 2.02 2.00 2.03 2.00 2.00 2.00 2.00 1.99 1.96
Fe-Val(E11)CG2 495 5.08 484 4.89 4.80 4.96 487 497 5.02 487 479 4.66
Fe-Ct® -001  -001  -007  -0.06 0.00 000  -001  -0.02 000  -0.02 012  -0.11
Fe-C* 178 1.80 1.77 1.77 1.77 1.78 1.77 175 1.81 1.81 1.66 1.87
C-His(E7)NE2* 3.26 3.17 336 325 3.47 3.49 3.40 3.56 4.11 3.56 2.99 321
O-His(E7)NE2! 3.06 2.88 3.24 2.96 323 3.30 3.19 327 4.02 3.42 257 3.49
C-Val(E11)CG2° 3.76 3.78 358 351 3.70 357 371 358 3.81 3.84 3.48 357
O-Val(E11)CG2¢ 335 321 3.09 3.08 3.20 3.38 3.19 3.20 331 352 325 336
Fe-C-0¢¢ 169 178 172 169 173 156 172 163 179 180 153 159
Fe-C-His(F§)NE2° 173 178 174 178 174 178 175 176 170 170 177 175

Distances and angles are in A and degrees, respectively. *Average distance between Fe and the four porphyrin nitrogens. "Distance of the Fe to the
least-square fit plane of the porphyrin nitrogens. °C is O1 in oxy human. “O is O2 in oxy human.

state, whereas the R and Y states occupy similar position.

Baldwin and Chothia (1979) found significant differences
between the hemes, F- and E-helices, and the corner region
FG in the T to R transition. Also, Perutz (1970, 1972) and

al62(E11)

Fig. 3. Stereo figure of the a-subunit heme group and environment show-
ing the heme, bound ligand, C-helix, CD corner, E-helix, F-helix, and FG
corner of the hemoglobin structures of T state dxy human Hb (cyan), CO
bovine Hb (yellow), R state oxy human Hb (red), and Y state CO Ypsilanti
Hb (purple). The structures were superimposed with the o131 dimer as
described in the text. (A) al-Subunit heme group and environment, (B)
a2-subunit heme group and environment.

Perutz et al. (1987) have shown that the F-helices and FG
corners are essential for the quaternary allosteric transition
from the T to R state. The location of the a- and [-subunit
F-helices and FG corners in CO bovine Hb could result in a

f% | \
al67(E11) 1

cn

is92(F8)

—helix

Fig. 4. Stereo figure of the 3-subunit heme group and environment show-
ing the heme, bound ligand, C-helix, CD corner, E-helix, F-helix, and FG
corner of the hemoglobin structures of T state dxy human Hb (cyan), CO
bovine Hb (yellow), R state oxy human Hb (red), and Y state CO Ypsilanti
Hb (purple). The structures were superimposed with the alf31 dimer as
described in the text. (A) B1-Subunit heme group and environment, (B)
32-subunit heme group and environment.
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strain on the heme, forcing it to move to maintain proper
coordination and geometry with the proximal histidine.
Thus, we hypothesize that the strain on the hemes, in addi-
tion to the apparent increased steric contact between the CO
and the distal Hb residues, is probably another reason why
bovine Hb has a lower oxygen affinity. Perutz and Fermi
(1993) previously associated the contraction of the (3-sub-
unit N-terminal region in the dxy bovine HB structure with
the low intrinsic oxygen affinity of bovine Hb. It should be
noted that the heme groups in CO bovine Hb are planar and
fully ligated with the CO ligand.

Schumacher et al. (1995) have reported the structures of
two cross-linked CO-ligated hemoglobins (a2B'STM®*@
and o2B'STM'#2B) as possible transitional intermediates
between the T and R states. Similar to our findings, the two
structures also indicate that both the a- and (3-subunit hemes
have not quite reached the R state position. Interestingly,
both cross-linked hemoglobins have reduced oxygen affini-
ties, which the investigators attributed to the strain on the
heme groups and environment. In contrast, the heme, F-
helix, and the FG corner in the Y state are shifted further
from the T state position (compared with the transition from
the R state to the T state). This indicates that the Y state is
even more relaxed than the R state, which is in accord with
Ypsilanti Hb having an increased oxygen affinity (Ackers et
al. 1992; Doyle et al. 1992). Similar results are obtained
when comparing the R2 state CO human Hb structure (in-
stead of Y state) with the CO bovine, oxy human (R state),
and dxy human (T state) Hb structures.

Interactions of the C- and N-terminal residues

In the CO bovine Hb structure, no clear densities for the N-
and C-terminal residues (aVal 1, BMet 2, aArgl4l, and
BHis 146) were observed. As a result, interactions made by
these residues are uncertain. The hydroxyl group of the
a-subunit penultimate a1Tyr 140 of CO bovine Hb hydro-
gen bonds to the carbonyl oxygen of alVal 93, which is
typical of other R and T state structures. Such hydrogen
bonding is also observed in the Y state structure of CO
Ypsilanti Hb (Smith et al. 1991). However, in the R2 struc-
ture of CO human Hb (Silva et al. 1992), this hydroxyl
group makes a hydrogen bond with ac1Pro 77, a1Ser 81, and
alSer 84. In the (3-subunits of CO bovine Hb, the hydroxyl
group of the penultimate 31Tyr 145 makes hydrogen-bond
contacts with both the carbonyl oxygen of 31Val 98 and the
hydroxyl group of a2Thr 38. The interaction between
B1Tyr 145 and B1Val 98 is also present in the R state
(Ladner et al. 1977; Baldwin and Chothia 1979; Shaanan
1983; Katz et al. 1994), the R2 state (Silva et al. 1992), and
the T state (Fermi et al. 1984) structures, but not in the Y
state structure (Smith et al. 1991), in which B1Tyr 145 is
hydrogen bonded to 32Asn139. The contact between 31 Tyr
145 and o2Thr 38 in CO bovine Hb is absent in the T, R,
R2, and Y structures.
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Conclusion

Bovine Hb has a threefold decreased affinity for oxygen
compared with human Hb. According to Perutz and Fermi
(1993), the structural basis for this decrease in ligand affin-
ity results from the (-subunits N termini and A-helices
shifting closer to the molecular dyad. Significantly, the
structure of CO bovine Hb reported here shows that both a-
and (3-subunit heme groups and their environments have not
fully relaxed to the R state conformation, as the F-helices
and FG corners lie between the T and R positions. In addi-
tion, it appears that in CO bovine Hb the CO ligand makes
closer contacts with the distal Hb residues Val 67(E11) and
His 63(E7) of the B-subunits. Therefore, we attribute the
low oxygen affinity of bovine Hb at least in part to the
observed steric strain at the hemes and closer contacts be-
tween the ligands and protein residues around the [3-subunit
heme groups. Our conclusion is consistent with results of
the two cross-linked CO-liganded hemoglobins reported by
Schumacher et al. (1995). Like CO bovine Hb, the heme
structural features in these two mutant structures indicate
that they have not fully reached the classical relaxed end-
state location. Like bovine Hb, these mutants also have low
oxygen affinity, which, as the investigators pointed out, is
due to strain on the heme environment.

Materials and methods

Crystallization, X-ray data collection, and processing

Bovine Hb was purified from fresh cow blood according to the
procedure of Perutz (1968), with slight modifications, to give a
solution of 10.4 g% in 1.6 M sodium phosphate buffer (pH 6.5).
The solution was reduced by the addition of 2.0 mM Na,S,0,,
then saturated with CO to generate the fully reduced CO-bound Hb
form. Crystallization was performed with a solution of 3 g% pro-
tein, 3.6 M phosphate (pH 7.3 to 7.4), using 10-mL test tubes. CO
was again bubbled through each solution. One drop of pyridine or
benzene was added to each tube, which was then sealed. Crystals
grew in 5 d in several of the tubes containing 2 mL Hb, 3.3-3.6 mL
phosphate, and 0.3 mL or 0.8 mL of water. X-ray diffraction data
were collected using R-axis II image plate detector equipped with
a Rigaku RU-200 generator operating at 50 KV and 180 mA.
Diffraction data sets were collected at room temperature to 2.1 A
using one crystal. The data set was processed with the R-axis II
software program and the CCP4 program suite (SCALA,
AGROVATA, TRUNCATE) (Collaborative Computing Project
No. 4 1994). The final structure factor file contains anomalous
differences.

Solution of the structure

The crystal structure of CO bovine Hb was solved by the molecu-
lar replacement method using the program AMoRe (Navaza 1994).
The a1B1 dimer of oxy human structure (Shaanan 1983), omitting
all solvent molecules and oxygen ligands, was used as the search
model. Based on the solvent content of the unit cell (~45%), we
expected two af3 dimers per asymmetric unit. The cross-rotation
function was calculated using normalized structure factors with
data in the resolution range of 8.0 to 4.0 A. Two unique peaks with
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correlation coefficients of 0.162 and 0.144 were observed. Trans-
lation functions using data between 8.0 and 4.0 A were calculated
for the two possible space groups P2,2,2, and P2,2,2. The space
group P2,2,2, gave two distinct peaks for the two cross-rotation
solutions, with correlation coefficients of 0.305 and 0.327 and
Rfactors of 48.9% and 47.7%, respectively. The two solutions
correspond to alfl and o2B2 dimers in the asymmetric unit;
however, they are not related by a molecular twofold axis. The
functional a131a2B2 Hb tetramer is generated by application of
symmetry operations. The final tetrameric model has a correlation
coefficient and Rfactor of 0.62 and 37.2%, respectively.

Refinement of the structure

All amino acids that were not present in the CO bovine Hb struc-
ture were mutated to alanine or to corresponding glycines (Perutz
and Fermi 1993). Refinement was performed using X-plor
(Brunger 1992a) with a bulk solvent correction. All data sets from
65.0 to 2.1 A were used in the refinement. A statistically random
selection of 5% of the total reflection data was excluded from the
refinement and used to calculate the free Rfactor (Rfree) as a
monitor of model bias (Brunger 1992b). The model was subjected
to rigid body refinement with the four hemoglobin subunits treated
as independent groups using data to 2.2 A. The initial Rfactor
dropped from 39.5% to 37.2% with an Rfree of 36.9%. The Fo-Fc
map showed substantial positive densities near the four Fe sites
corresponding to the four CO molecules, which were built into
these densities. Also, most of the side-chain residues that were
mutated to alanines became apparent in the density maps and were
built into the model. At this stage, tight noncrystallographic sym-
metry restraint was applied to all nonhydrogen atoms, and the
model was subjected to positional refinement. The rest of the
mutated side-chain residues became apparent and were included in
the model. The model was then subjected to several rounds of
simulated annealing while the noncrystallographic symmetry re-
straint was slowly loosened, and finally at a resolution of 2.1 A the
restraint was removed completely. Water molecules having peaks
above 3.0c in the Fo-Fc map, and within acceptable hydrogen-
bonding distance, were added to the model. Omit, 2Fo-Fc, and
Fo-Fc electron density maps were used repeatedly to inspect the
structure and make positional corrections to the model, especially
at the heme groups and environments. Final refinement brought the
Rfactor to 20.5% and the Rfree to 25.4%. All model building and
model corrections were performed using the programs TOM
(Cambillau and Horjales 1987) and O (Jones et al. 1991). Refine-
ment statistics are summarized in Table 1. The atomic coordinate
set and the structure factors have been deposited in the Protein data
Bank, accession code 1FSX.
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