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ABSTRACT: Residue F4 (Phe 97) undergoes the most dramatic ligand-linked transition inScapharcadimeric
hemoglobin, with its packing in the heme pocket in the unliganded (T) state suggested to be a primary
determinant of its low affinity. Mutation of Phe 97 to Leu (previously reported), Val, and Tyr increases
oxygen affinity from 8- to 100-fold over that of the wild type. The crystal structures of F97L and F97V
show side chain packing in the heme pocket for both R and T state structures. In contrast, in the highest-
affinity mutation, F97Y, the tyrosine side chain remains in the interface (high-affinity conformation) even
in the unliganded state. Comparison of these mutations reveals a correlation between side chain packing
in the heme pocket and oxygen affinity, indicating that greater mass in the heme pocket lowers oxygen
affinity due to impaired movement of the heme iron into the heme plane. The results indicate that a key
hydrogen bond, previously hypothesized to have a central role in regulation of oxygen affinity, plays at
most only a small role in dictating ligand affinity. Equivalent mutations in sperm whale myoglobin alter
ligand affinity by only 5-fold. The dramatically different responses to mutations at the F4 position result
from subtle, but functionally critical, stereochemical differences. In myoglobin, an eclipsed orientation of
the proximal His relative to the A and C pyrrole nitrogen atoms provides a significant barrier for high-
affinity ligand binding. In contrast, the staggered orientation of the proximal histidine found in liganded
HbI renders its ligand affinity much more susceptible to packing contacts between F4 and the heme group.
These results highlight very different strategies used by cooperative hemoglobins in molluscs and mammals
to control ligand affinity by modulation of the stereochemistry on the proximal side of the heme.

The dimeric hemoglobin (HbI)1 from the blood clam
Scapharca inaequiValVis is an ideal model system in which
to study allosteric behavior because of the presence of two
chemically identical binding sites and relatively localized
ligand-linked structural transitions. HbI binds oxygen coop-
eratively, with a Hill coefficient of 1.5 for equilibrium
oxygen binding and with no modulation of oxygen affinity
by non-heme binding ligands such as bisphosphoglycerate
(BPG), protons, carbon dioxide, or chloride ions (1). High-
resolution crystallographic analysis shows that this dimer is
formed primarily through contacts between the E and F
helices of each subunit (2), which is entirely different from
the assemblage observed in the well-known vertebrate
tetrameric hemoglobin (3). Nevertheless, EF dimer as-
semblages are widespread among cooperative invertebrate
hemoglobins, having been observed crystallographically in
the dimeric Hb D from the echinoderm sea cucumber
Caudina arenicola(4) and as substructures of the heterotet-
rameric HbII from the molluscS. inaequiValVis (5), the giant
respiratory complex from the annelidLumbricus terrestris

(6), and the 400 kDa hemoglobin from the hydrothermal vent
tubewormRiftia pachyptila(7).

The EF assemblage brings the two heme groups within
the dimer close together, allowing tertiary rather than qua-
ternary structural transitions to mediate cooperativity. Site-
directed mutagenesis has confirmed the functional importance
of three major ligand-linked structural changes observed from
comparison between the liganded and unliganded crystal
structures. These include the ligand-linked movement of the
heme groups (8), the conformational change of Phe 97 (F4)
(9), and the change in the arrangement of a water cluster
located at the dimer interface (10). Despite striking changes
at the subunit interface, quaternary transitions are limited to
a 3.3° subunit rotation. This quaternary change is, however,
an integral component of the HbI transitions, as evidenced
in situ when the CO ligand is removed from HbI-CO
crystals (11).

Phe 97 undergoes the largest structural rearrangement once
a ligand binds to HbI. In the absence of ligand, Phe 97 (F4)
packs in the heme pocket against the proximal histidine F8
(His 101), which restricts the heme iron from moving into
the heme plane and lengthens a crucial hydrogen bond
between the proximal histidine and the main chain carbonyl
oxygen of Phe F4 (2). (By convention, individual residues
are designated by the homologous helical position in sperm
whale myoglobin, the first globin structure determined. Thus,
the proximal histidine is designated as F8, the eighth residue
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of the F helix in myoglobin, even though it is the 15th residue
in the F helix of HbI.) Both of these effects have been
proposed to lower oxygen affinity in the low-affinity T state,
observed in the unliganded structure. Once a ligand binds,
the Phe 97 side chain moves from the proximal heme pocket
into the subunit interface, where it disrupts a cluster of well-
ordered water molecules. This transition to the high-affinity
R state relieves the strain in the proximal pocket, permitting
the iron to freely move into the heme plane and a strong
hydrogen bond to be formed between the proximal His and
main chain carbonyl oxygen of Phe 97 (2). Substituting a
leucine at position 97 confirms the central role of this residue,
leading to an 8-fold increase in oxygen affinity and a greatly
reduced, but not eliminated, level of cooperative ligand
binding (9). Kinetic analysis suggests elimination of the
proximal contributions to cooperativity in the F97L mutation.

We report here the results of two additional substitutions
at position F4, to Val and Tyr. These mutations have a much
greater functional impact than does the Leu mutation, and
these mutants also exhibit more dramatic functional changes
than homologous mutants of sperm whale myoglobin. These
results highlight a cooperative ligand binding strategy in HbI
in which the orientation of the proximal histidine permits
strong modulation of oxygen affinity by altering the packing
of the F4 residue.

EXPERIMENTAL PROCEDURES

Mutagenesis, Expression, and Purification. The F97Y
mutation was introduced into the HbI plasmid pCS26 using
cassette mutagenesis as described by Pardanani et al. (9).
The F97V mutation was made with the PCR protocol of
Statagene (QuickChange) as described previously (8). All
mutations were expressed inEscherichia coliW3110lacIq
L8, and purified using the procedure for recombinant wild-
type HbI (12).

Functional Analysis of the Mutations. Equilibrium oxygen
binding measurements were carried out using using tono-
metric methods at 23°C in solutions with a Hb concentration
of 50 µM heme at pH 7.2 as described previously (10).
Absorbance values for each step of oxygen addition were
monitored at nine different wavelengths in the visible range.
The measured absorbance differences were used for a Hill
plot analysis, from which thep50 (partial pressure at which
50% of O2 binding sites are occupied) and Hill coefficient
(n) were determined. A reducing enzyme system was used
to maintain the redox state of HbI (13). This reducing system
was especially important for F97V, because of its suscep-
tibility to oxidation, but not for F97Y, F97V, and the wild
type, which are quite resistant to oxidation. There was no
clear correlation between oxygen affinity and susceptibility
to oxidation, as the F97L and F97Y mutants have lower and
higher affinities, respectively, than F97V but both show
strong resistance to oxidation.

Measurements of CO and O2 reaction rates were monitored
following flash photolysis initiated either with a 4-6 ns pulse
at 532 nm from a Q-switched YAG laser (Continuum Surelite
SLI-10) similar to that described by Scott and Gibson (14)
or with a Sunpak auto544 thyristor. The flash from the
Sunpak was concentrated on the sample using a plexiglass
light guide, 90° from the observation beam. A yellow filter
was used to block light from the flash of wavelengths below

approximately 460 nm right after the flash head. The
observation beam is from a 150 W halogen bulb, with blue
filters used on either side of the sample, limiting observing
light to the 300-500 nm range. The signal from a Bauch
and Lomb monochrometer was collected via a photomulti-
plier tube and sent to a Tektronix TDS 620 oscilloscope.
The raw data were collected using IGOR Pro version 4 for
further analysis. Observation was continued throughout the
flash, and the resulting traces were modeled using the flash
profile as a forcing function.

Kinetic experiments on oxygenated mutants were per-
formed using laser photolysis. The low quantum yield for
photodissociation of oxygen together with extensive geminate
recombination restricts the extent of photolysis. There was
no systematic change in the rate constant either with the level
of photolysis or with the concentration of oxygen. The ob-
served rate is therefore taken as a measure ofk2′ (Table 1).

Binding of CO alone was followed at a series of levels of
photodissociation using Sunpak and laser photolysis. Data
were measured at various levels of photolysis. Close to full
photolysis, the initial rate gives an estimate of the rate of
binding of the first CO molecule (l1′), while a low level of
photolysis approximates the rate of binding of the second
CO molecule (l2′). To obtain estimates of other rates,
solutions were equilibrated with gas mixtures containing
relatively small amounts of O2 (<6%) with the balance either
10% CO and N2 or 100% CO. Flash photolysis of the
solutions removes CO rapidly. The unliganded Hb2 form
combines mainly with O2, with an observed rate that reflects
the sum of the combination and dissociation rates. Subse-
quently, and on a much longer time scale, oxygen is replaced
with CO, completing the cycle.

To extract the rates of the oxygen reactions, all of the data
described, together with equilibrium data, are represented
by the kinetic equivalent of the MWC model (15) using a
model as previously described (8). The rate at each step is
the rate for the T state multiplied by the proportion of T
state plus the R state rate multiplied by its proportion. The
results are given in Table 1. In effect, the model is used as
a smoothing function for the data.

Crystallographic Analysis.Crystals of both states for F97V
and F97Y were grown in batch experiments under conditions
used to crystallize the corresponding form of wild-type HbI
(2). CO-liganded crystals were grown under an atmosphere
of carbon monoxide in solutions that were 2.1-2.4 M
phosphate buffer at pH 7.5, whereas the unliganded crystals
were grown in an anaerobic chamber (Anaerobe Systems,
Morgan Hill, CA) in solutions that were 1.9-2.2 M
phosphate buffer at pH 8.5. The CO-liganded crystals show

Table 1: Kinetic Ligand Binding Properties of F97 Mutantsa

oxygen on rates oxygen off rates CO on rates

k1′
(µM-1 s-1)

k2′
(µM-1 s-1)

k1
(s-1)

k2
(s-1)

l1′
(µM-1 s-1)

l2′
(µM-1 s-1)

HbI 10 16 500 73 0.09 0.2
F97L 18 23 100 31 0.9 1.8
F97V 27 47 13 4.1 4.2 4.2
F97Y 47 47 2.3 2.3 4.3 4.3

a Subscripts define the binding step based on a consecutive two-
step scheme following Adair (31) using the procedure described in
Experimental Procedures. A prime designates an on rate, and the lack
of a prime designates an off rate.
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the symmetry of space groupC2, with an intact dimer per
asymmetric unit. Crystals of unliganded F97V and F97Y
show the symmetry of space groupC2221, also having an
intact dimer per asymmetric unit (Table 2). X-ray diffraction
data were collected on an R-axis IIC image plate system as
described previously (8). The measured intensities for each
data set were processed, scaled, and merged with the HKL
package (16) before being converted to structure factors with
the CCP4 program Truncate (17). A subset (between 5 and
10%) of the data was set aside for the calculation ofRfree

(18) for crystallographic refinement.
The C2 andC2221 crystal forms of the two mutants are

isomorphous to crystals of CO-liganded HbI (PDB entry
4SDH) and unliganded HbI (PDB entry 3SDH). Phases were
calculated from HbI models that were correctly placed in
each unit cell by rigid-body refinement. The initial model
included the main chain and side chain atoms, but with
position 97 truncated to an alanine. The models of F97Y-
CO and unliganded F97Y-CO complexes were initially
optimized with two rounds of simulated annealing and
individual B-factor refinement with XPLOR (19). Water
molecules were added after each round of refinement with
XPLOR based on 2Fo - Fc and Fo - Fc electron density
maps along with the presence of suitable hydrogen bonding
partners. Alternate conformations were added, and the model
underwent positional and individualB-factor refinement with
CNS (20). The unliganded and CO forms of F97V were
refined with multiple rounds of computational refinement
with CNS and manual intervention with O (21). Each round
of refinement included positional refinement and either the

optimization of individual B-factors (CO-F97V) or the
optimization of a main chain and side chainB-factor
(unliganded F97V). Water molecules were placed into the
model with CNS and were removed if electron density was
not present in omit 2Fo - Fc, σA weighted omit maps or if
no hydrogen bond partners were available. Alternate side
chain conformations were added to the CO-F97V form
during the last round of refinement.

The refined models of the liganded and unliganded forms
of both F97V and F97Y mutants include residues 2-146,
with the N-terminal Pro being disordered. The F97V-CO
model includes four residues with alternate side chain
conformations (Lys 16, Ile 71, and Val 90 from the A subunit
and Lys 15 from the B subunit). The F97Y-CO model
includes two residues (Met 37 from the A subunit and Val
93 from the B subunit) with alternate side chain conforma-
tions. The unliganded F97Y model has one side chain with
alternate conformations (Lys 96 from the B subunit), whereas
the unliganded F97V model does not include any alternate
side chain conformations. All models show good agreement
with the observed data as indicated byRfree values between
20.5 and 24.1% and show excellent agreement with ideal
model geometry (Table 2). The coordinates and diffraction
data describing the CO-ligated and unliganded forms of F97V
(PDB entries 2AUQ and 2AUR) and F97Y (PDB entries
2AUO and 2AUP) have been deposited in the Protein Data
Bank (PDB) (22).

The models of liganded and unliganded F97L underwent
an additional round of energy minimization with CNS to
improve the heme geometry to facilitate the comparison of

Table 2: Data Collection and Refinement Statistics

F97V-CO d-F97V F97Y-CO d-F97Y

space group C2 C2221 C2 C2221

cell constants
a (Å) 93.1 92.0 93.3 92.1
b (Å) 43.9 44.4 44.0 44.3
c (Å) 83.5 143.8 83.6 143.9
â (deg) 121.9 90.0 122.0 90.0

completeness 85.3 (68.6) 88.2 (78.0) 97.8 (98.8) 87.4 (78.2)
multiplicity 2.5 2.3 3.3 3.2
I/σ(I) 12.6 (4.9) 8.8 (3.9) 23.2 (4.2) 17.0 (3.9)
Rsym overall (highest-resolution shell) 0.063 (0.158) 0.098 (0.253) 0.064 (0.326) 0.053 (0.321)
resolution range (Å) 40-1.8 40-2.3 40-1.5 40-1.8
total no. of reflections (F > 1σ) 26828 11945 40980 24393
no. of reflections in theRfree test set 2262 959 4056 4566
R-factor 0.180 0.190 0.193 0.178
Rfree 0.214 0.241 0.213 0.205
no. of non-hydrogen atoms

protein 2224 2224 2234 2234
heme and ligand 90 86 90 86
solvent 164 80 190 188

no. of alternate conformations 4 0 2 1
averageB-factor (Å2)

main chain atoms 17.7 20.6 15.6 20.9
side chain atoms 23.1 25.9 18.6 25.0
heme atoms 17.8 18.8 13.4 22.6
CO ligands 16.0 - 13.1 -
solvent atoms 34.8 34.1 28.5 40.3
core interface waters 27.5 27.3 24.7 40.4

rms deviation from ideal value
bond lengths (Å) 0.005 0.005 0.006 0.006
bond angles (deg) 0.93 1.22 1.12 1.34
dihedral angles (deg) 17.8 17.6 19.0 17.8
improper angles (deg) 0.84 1.00 0.99 0.92

Ramachandran plot (%)
most favored regions 95.0 93.5 95.8 96.2
allowed regions 5.0 6.5 4.2 3.8
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this mutation with the other two F4 mutations. The newly
refined structures of CO-liganded and unliganded F97L have
been deposited in the PDB as entries 2AVO and 2AV3,
respectively.

Least-squares superposition calculations were conducted
with LSQMAN (23), and the least-squares definition of heme
planes was carried out with programs of the CCP4 package
(17). The coordinates of wild-type sperm whale myoglobin
(PDB entry 1A6N) (24), L89F (PDB entry 1CH2), and L89G
(PDB entry 1CH1) (25) that were used to make Figure 7
were superimposed upon their unliganded HbI counterparts
with LSQMAN (23).

RESULTS

Functional Properties of Phe F4 Mutants.Equilibrium
oxygen binding experiments confirm the profound effect of
altering the residue at position F4 in HbI. Mutation of Phe
97 to Leu raises oxygen affinity by∼8-fold to 1 Torr, as
previously reported (9). Substitution of a Val at this position
increases the oxygen affinity to 0.3 Torr, whereas replace-
ment with a Tyr increases the oxygen affinity to 0.08 Torr,
the highest known affinity for any mutant of HbI. The
substantial increase in oxygen affinity is coupled with a
severe attenuation of cooperative oxygen binding, as indi-
cated by the Hill coefficients, which vary between 1.1 and
1.2 for these mutants.

Kinetic experiments on the F97 mutants provide a more
detailed understanding of the ligand binding properties. Flash
photolysis experiments, including oxygen/CO replacement
reactions (Figure 1), as described in Experimental Procedures
have been carried out on all three mutants as well as wild-
type HbI. Table 1 provides kinetic rate constants. From these
experiments, the following picture emerges. Combination rate
constants for oxygen and CO follow the pattern of the wild
type being slowest, followed by F97L and F97V with ligands
binding most rapidly to F97Y. The oxygen dissociation
constants are fastest with the wild type, followed by F97L
then F97V with the slowest dissociation rate for F97Y. Thus,
the kinetic parameters for these mutants are entirely consis-
tent with the equilibrium oxygen affinity measurements
showing the following order of oxygen affinity: F97Y>

F97V > F97L > wild type. As is evident in Figure 1, the
very high affinity of F97Y is reflected in rapid oxygen
combination and slow oxygen release. Evidence of cooper-
ativity, as changes in the binding rates for the first and second
step of ligation, is apparent for F97L and F97V (Table 1),
but not F97Y. It is interesting that F97V and F97L show
very similar oxygen combination rates, but rather different
oxygen release rates, suggesting that access of ligands to
the binding site is similar in both mutants, but that oxygen
is more stably bound in F97V than in F97L.

Crystal Structures of F97Y.Crystals of CO-liganded and
unliganded forms of F97Y are isomorphous to those of wild-
type HbI. An atomic model for the F97Y-CO form has been
refined at 1.5 Å resolution to a conventionalR-factor of 0.193
(Rfree ) 0.213), while an atomic model for unliganded F97Y
has been refined at 1.8 Å resolution to a conventional
R-factor of 0.178 (Rfree ) 0.205). Model statistics are
provided in Table 2. Electron density maps clearly show the
mutant Tyr residue, which remains in the dimeric interface
in both ligand states (Figure 2).

The introduction of a Tyr at position 97 does not
significantly alter the overall structure of either the R or T
state when compared to the wild type. The superposition of
each subunit (residues 10-146) from the F97Y-CO form
and unliganded F97Y onto their counterparts from the HbI-
CO form and unliganded HbI gives average rms deviations
of 0.07 and 0.18, respectively. Furthermore, the quaternary
subunit arrangement in F97Y is similar to that of the wild
type, with the two subunits in the unliganded T state form
of F97Y differing from that of the wild-type T state by 0.31°,
and the relationship between the two F97Y subunits in its R
state assemblage differs from that of the wild-type R state
by 0.15°. The quaternary response to ligand binding is
slightly attenuated with ligand binding to F97Y coupled with
a 3.0° rotation of subunits, while ligand binding to wild-
type HbI is coupled with a 3.3° rotation of subunits. Despite
the overall similarity between the wild type and F97Y, this
substitution results in several important structural differences
that underlie the dramatically increased oxygen affinity. The
presence of a hydroxyl group on Tyr compared to Phe has
two potential effects. The larger side chain will prevent

FIGURE 1: O2/CO replacement kinetics on wild-type HbI, F97L, F97V, and F97Y. Each curve shows the raw data from samples equilibrated
with 10% CO along with 71µM O2. The full reaction following a Sunpak flash is monitored for 4 s (right) with the initial 2 ms of the
reaction shown at the left. The initial phase of the reaction represents primarily the rapid binding of oxygen following photolysis of CO.
The sigmoidal shape of these curves results from the effects of the Sunpak flash, which extends∼1 ms into the traces that are shown. (The
kinetic parameters provided in Table 1 have been corrected for the measured lamp profile.) During the longer phase of the reaction at the
right, oxygen is replaced with CO. Note the very rapid binding of oxygen by F97Y (left) and its slow release (right).
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packing in the proximal pocket as does Phe 97 in the T state
form of wild-type HbI, and additionally, the hydroxyl group
may render this side chain more tolerant of being in the
hydrated subunit interface. As a result, the phenol ring
remains in the dimeric interface in the unliganded structure,
similar to the R state position of Phe 97 of wild-type HbI.

Crystal Structures of F97V.Crystals of CO-liganded and
unliganded forms of F97V are isomorphous to those of wild-
type HbI. An atomic model for the F97V-CO form has been
refined at 1.8 Å resolution to a conventionalR-factor of 0.180
(Rfree ) 0.214), while an atomic model for unliganded F97V
has been refined at 2.3 Å resolution to a conventional
R-factor of 0.190 (Rfree ) 0.241) (Table 2).

The overall structure of F97V is very similar to that of
the wild type as indicated by rms deviations of 0.09 and
0.17 Å for 137 CR atoms when subunits of the F97V-CO
form and unliganded F97V, respectively, are superimposed
upon their counterparts. The F97V substitution also does not
greatly alter the relative orientation of either state as the
subunit orientations of the R state and T state differ by 0.16°

and 0.23°, respectively, relative to that of the wild type. The
overall ligand-linked quaternary subunit rotation is 3.3° in
both F97V and the wild type. However, the introduction of
a Val at F4, like F97Y, substantially alters the proximal
pocket and dimeric interfaces of both allosteric states.

The orientation of Val 97 places theγ1-carbon of Val 97
near the position of theγ-carbon of Phe 97 where it occupies
its T state conformation in the wild type, and places theγ2-
carbon of Val 97 near the position occupied by theγ-carbon
of Phe 97 in its R state conformation in the wild type. Thus,
the F97V substitution assumes a conformation that is
somewhat intermediate between those of the F97L and F97Y
substitutions.

Packing of Residue F4 in the Proximal Pocket.Structural
differences in the vicinity of residue F4 among wild-type
HbI, F97L, F97Y, and F97V are outlined in Figure 3. Ligand
affinity is affected by the packing of residue F4 in the heme
pocket due to its impact on the reactivity of the heme iron.
At least three different stereochemical effects of residue
packing in the heme pocket may contribute to modulation
of heme iron reactivity: (1) impact on a hydrogen bond
involving the proximal histidine, (2) tight packing against
the heme, and (3) tight packing against the proximal histidine.

It has been proposed that a strong hydrogen bond between
the main chain carbonyl oxygen of residue F4 and proximal
histidine can enhance ligand affinity by stabilizing a partial
positive charge on the proximal histidine that results from
the binding of electron-withdrawing ligands, such as oxygen,
to the heme iron (26). This hydrogen bond is significantly
longer, and thus weaker, in unliganded HbI than in the HbI-
CO form (Figure 3) as a result of the packing of Phe 97 in
the proximal pocket. In all F4 mutants, this hydrogen bond
is reasonably optimal, with bond lengths of 2.8-2.9 Å in
both T and R states (Table 3). Thus, this hydrogen bond
may contribute to the higher affinity of these mutants
compared with that of the wild type, but apparently plays
no role in the quite dramatic differences in affinity between
mutants.

A second consequence of mutation at residue F4 results
from the packing of its side chain against the heme. There
is a tight contact in the T state of wild-type HbI between
the F4 phenyl ring and the bridging methylene carbon (CHB)
between the A and B pyrrole rings, with a contact distance
of 3.5 Å (Table 3). This contact is loosened in F97L, with
a distance of 3.8 Å, whereas the contact is essentially missing
in F97V and F97L, with closest distances of 4.5 and 5.2 Å,
respectively (Table 3). The loosening of this contact may
increase oxygen affinity by releasing impediments to the
movement of the heme iron into the heme plane upon ligand
binding.

A third consequence of mutation at residue F4 results from
changes in the packing of this residue against the F8 proximal
histidine, as Phe 97 also packs tightly against F8 in the T
state of wild-type HbI. In the unliganded structure of the
wild type, the closest contact between the side chain of
residue 97 and the proximal histidine is 3.3 Å, in F97L the
closest contact 3.4 Å, in F97V the closest contact 3.9 Å,
and in F97Y the closest contact 5 Å. One impact of tight
packing between F4 and F8 is alteration of the orientation
of the F8 imidazole ring, as shown in Figure 4. The proximal
His in the HbI-CO form displays a relatively “staggered”
orientation relative to the heme nitrogen atoms from the A

FIGURE 2: Electron density maps for F97Y (right) and wild-type
HbI (left), with models of unliganded (top) and CO-liganded
(bottom) forms superimposed. For F97Y, simulated annealing,Fo
- Fc, omit electron density maps are shown at the 3σ level in which
residue 97 and interface waters were omitted from the phase
calculations. For the wild type, 2Fo - Fc maps are shown at the
1σ level. Maps for wild-type HbI were calculated at 1.8 and 1.5 Å
for the unliganded and CO-liganded forms, respectively, to be
equivalent to those for F97Y. Tyr 97 adopts essentially the same
conformation independent of the presence or absence of ligand,
but the water structure changes, with fewer and less well ordered
water molecules in the unliganded interface. This is the only HbI
mutant to date in which the liganded state is more hydrated than
the unliganded state. Figures 2, 5, and 7 were made with
BOBSCRIPT (32) and RASTER3D (33).
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and C rings (black in Figure 4), with an azimuthal angle of
30°, whereas in sperm whale myoglobin, the imidazole ring
is quite “eclipsed”, with an azimuthal angle of 1°. (A
perfectly eclipsed orientation would have an azimuthal angle
of 0°, whereas a perfectly staggered orientation would show
an azimuthal angle of 45°.) An important functional impact
of the azimuthal angle is that movement of the iron into the
heme plane can be restricted by an eclipsed orientation, due
to close contacts between imidazole atoms and pyrrole
nitrogen atoms. This may contribute to the lower affinity of

the T state in HbI, as the F8 imidazole takes on a more
staggered orientation with the azimuthal angle dropping to
16°. Loosening the contact between F4 and F8 residues in
the F4 mutants results in somewhat increased staggering in
the T state, relative to that of the wild type, with the average
value of the azimuthal angle of 19° in F97L, 17.5° in F97V,
and 22° in F97Y.

Ligand-Linked Heme MoVement in F4 Mutants.Ligand
binding in wild-type HbI results in a movement of the heme
groups deeper into each subunit and away from the subunit

FIGURE 3: Structure of the region around the proximal heme pocket for wild-type HbI, F97Y, F97V, and F97L in both unliganded and
CO-liganded forms. Heme and ligand atoms are colored red, and side chains of residue F4 are shown with yellow carbon atoms; proximal
His (F8) and main chain atoms from F4 to F8 are depicted with conventional atom colors, and nearby interface water molecules shown as
cyan van der Waals spheres. The potential hydrogen bond between the main chain F4 carbonyl oxygen and Nδ of the proximal His is
shown as a dashed line along with the N-O distance. Note the substantial conformational change by F4 Phe in wild-type HbI, along with
the displacement of three neighboring ordered water molecules upon ligand binding. In F97Y, the Tyr side chain remains in the interface
in both states, locking it into a conformation similar to the CO-liganded form. In F97V, the twoγ-carbon atoms are oriented in a manner
similar to that of the R and T state positions of HbI, whereas in F97L, ligand binding appears to be coupled with a rotation about the
Câ-Cγ bond. Despite displacement of three water molecules by F4 Phe, a central nucleus of five water molecules (three of which are
shown here) is maintained in both states in HbI, but is not maintained intact in the three F4 mutants. Figures 3, 4, and 6 were produced with
PYMOL (34).
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interface (2), a movement that has been suggested to be the
trigger for the allosteric transition (8). A convenient measure
of the heme position is the distance between the iron atoms
in the dimer. In the CO-liganded structures of wild-type HbI
and all three F97 mutants, the two iron atoms are 18.4 Å
apart. The unliganded structures show more variation, with
the two iron atoms 16.6 Å apart in wild-type HbI and F97L,
16.8 Å apart in F97V, and 17.2 Å apart in F97Y (Figure 5).
Thus, the hemes do not move entirely to the normal T state
position in F97Y, which can impact oxygen affinity, since
the wild-type T state position of the heme iron results in
steric interference with ligand binding (8). This heme position
may contribute to the very high oxygen combination rate
constants observed in F97Y (Figure 1 and Table 1).

Interface Water Structure in F4 Mutants.The very well
ordered water molecules at the core of the dimeric interface
of HbI undergo a large ligand-linked rearrangement and have
been shown to be critical for stabilization of the HbI T state
(10). Phe 97 plays a central role in the water rearrangement
by directly displacing three water molecules when its side
chain moves to the interface upon ligand binding (Figure
3). In the unliganded wild-type structure, there are 17 very
well ordered water molecules (averageB-factor of 19.6 Å2,
compared with an overall average protein side chainB-factor
of 19.4 Å2) at the central core of the dimer interface, while
in the HbI-CO structure, there are 11 well ordered water

molecules (averageB-factor of 24.7 Å2, with average side
chain B-factors of 18.2 Å2) as a result of displacement of
three water molecules by each Phe 97. The Phe97 mutants
have distinct effects on the interface water structure in the
T and R states. In the unliganded structure of F97L, the core
interface water molecules are in positions almost identical
to those of the unliganded wild-type structure, although they
are somewhat less well ordered withB-factors that average
29.5 Å2 (average side chainB-factors of 23.4 Å2) (9). In
contrast, the core interface water molecules of the R state
of F97L appear to be a hybrid of those of the T and R states
of wild-type HbI, including 16 water molecules that are
significantly less well ordered than the wild-type molecules
(averageB-factor of 34.5 Å2, with average side chain
B-factors of 19.8 Å2).

The presence of two phenol rings in both the R state and
T state interfaces in F97Y substantially alters the arrangement
of core interface water molecules. In the CO-liganded
structure, the hydroxyl group of each Tyr 97 side chain
displaces an ordered water molecule such that only nine water
molecules are present as core interface water molecules
instead of the 11 that are found in the wild type. Loss of
ligand causes many of the structural transitions observed in
the wild type that impact the water structure, including the
ligand-linked quaternary change, and subtle conformational
changes of Arg 53, Lys 96, Asn 100, and Arg 104, but not
those involving residue 97. This combination of changes
results in the presence of only six water molecules being at
the core of the T state interface of F97Y as compared to 17
water molecules present at the unliganded wild-type and
F97L interfaces (Figure 6). One important caveat in the
analysis of the interface water molecules is that the un-
liganded F97Y structure is at somewhat lower resolution (1.8
Å) than the CO-liganded form (1.5 Å). However, the
observation of an extensive and well-ordered interface water
structure in the crystal structure of unliganded F97L at 1.7
Å resolution (see above) argues that the observed reduction
in the number of core interface water molecules in unliganded
F97Y is significant. In addition, analysis of more than 20
unliganded HbI mutant structures, in which the mutation does
not directly impact the interface, at limiting resolutions in
the range of 1.8-2.1 Å invariably shows clear density for
the full complement of interface water molecules first
identified in studies of wild-type HbI at 1.6 Å resolution (J.
E. Knapp and W. E. Royer, Jr., unpublished results). The
reduction in the number of core interface water molecules
in the unliganded structure of F97Y is due in part to the
displacement of eight water molecules by the presence of a
phenolic side chain in the unliganded interface, including
two water molecules which occupy equivalent positions in
both the R and T state structures of wild-type HbI. There
are two additional water molecules that are displaced by the
propionate group from the pyrrole A ring of the heme and
one water molecule that appears to be absent due to a lack
of hydrogen bonding with water molecules that were
displaced as described above. The remaining water molecules
that remain at the F97Y-unliganded interface are displaced
from wild-type counterparts by 0.3-0.7 Å. Along with high
B-factors, averaging 40.2 Å2 for these water molecules, this
suggests the unliganded interface of F97Y is much more fluid
than the wild type.

Table 3: Packing Contacts within the Proximal Pocket

Phe 97 Leu 97 Val 97 Tyr 97

F4 (R state)
F4-CHB distance (Å) 5.1 3.8 4.2 5.1
F4-CMA distance (Å) 3.7 4.1 5.2 3.8
F4-His 101 distance (Å) 4.8 3.6 3.7 3.9
O97-Nδ101 distance (Å) 2.8 2.9 2.8 2.8

F8 (R state)
azimuthal angle (deg) 29.9 31.0 29.7 33.6
Fe-Nε distance (Å) 2.07 2.07 2.06 2.09

F4 (T state)
F4-CHB distance (Å) 3.5 3.8 4.5 5.2
F4-CMA distance (Å) 4.4 4.0 5.2 3.9
F4-His 101 distance (Å) 3.3 3.4 3.9 5.0
O97-Nδ101 distance (Å) 3.1 2.9 2.9 2.9

F8 (T state)
azimuthal angle (deg) 15.7 19 17.4 22.2
Fe-Nε distance (Å) 2.08 2.08 2.03 2.04

FIGURE 4: Orientation of the proximal His and heme in Mb and
HbI. The heme and side chain of the proximal His are shown for
the Mb-O2 form (PDB entry 1MBO) (35) and HbI in the CO-
liganded and unliganded structure, with the side chain for Phe F4
included in the unliganded HbI structure. Carbon atoms are colored
light gray, nitrogen and oxygen atoms darker gray, and the heme
iron and pyrrole nitrogen atoms from the A and C pyrrole rings
black. Note the eclipsed orientation of the imidazole ring in the
Mb-O2 form compared with the nearly staggered orientation of
the HbI-CO form, with the orientation of unliganded HbI between
those two.

Dissecting Cooperativity in a Dimeric Hemoglobin Biochemistry, Vol. 44, No. 44, 200514425



The water structure of the interface of the F97V-CO form
is similar to that of the F97L-CO form, but differs from
the CO-liganded form of the wild type. The F97V-CO
interface includes 16 ordered water molecules, with eight
of these having positions equivalent to their counterparts
in the wild type. One additional water molecule has an
altered position compared to its counterpart in the wild type.
The F97V interface also includes six water molecules not
present in the wild type but which are also present in the

F97L-CO form. These six waters are located in the space
that would normally be occupied by the Phe 97 side chain.
There is only one water molecule missing in F97V, but
present in both the wild type and F97L.

The water structure at the unliganded F97V interface
includes only eight water molecules compared to 17 water
molecules at the subunit interfaces of unliganded F97L and
wild-type HbI. Three of the water molecules that are absent
in F97V are displaced by theγ2-carbon atom of Val 97 as

FIGURE 5: Stereoview of ligand-linked structural changes in F4 mutants. The E-helix from the A subunit of the unliganded state (blue) is
superimposed upon its counterpart from the CO-liganded state (red) for the wild type, F97L, F97V, and F97Y. Side chains are included for
residues 69 (distal His E7), 96 (F3), and 97 (F4) and the proximal histidine (F8). There is a large ligand-linked change of F4 in the wild
type, but more limited changes in the conformations of the F97L, F97V, and F97Y mutants. It is apparent from this view that the bending
of the F-helix as observed in the allosteric transition of the wild type is attenuated in each of the three F4 substitutions. Furthermore, the
heme group positions of the two allosteric states are more similar in F97Y than in any of the other three transitions.
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each wild-type water would be 2.6-2.8 Å from this atom.
(A fourth water molecule, symmetric to a displaced water
molecule from one subunit, is located 3.1 Å from theγ2-
carbon of Val 97 from the second subunit, and is present in
the electron density maps.) The absence of the remaining
four water molecules appears to arise from the loss of
hydrogen bonding partners because of the three molecules
displaced by the F97V mutation. The water molecules at the
F97V interface are stable, exhibiting averageB-factors of
27.3 Å2. The B-factors are comparable to that within the
F97L interface and are much lower than those for the F97Y
interface water molecules.

DISCUSSION

Phe 97 (F4) plays a central role in the allosteric mechanism
of ScapharcaHbI by undergoing a large ligand-dependent
side chain rearrangement. The mutants presented here were
designed to probe stereochemical parameters for control of
ligand affinity in HbI by altering the residue at the F4
position. The mutations display dramatic functional alter-
ations and include the highest-affinity mutant of HbI ever
observed.

Structural Basis for Ligand Affinity in F4 Mutants.
Substitution of F4 Phe with Val and Tyr results in 25-100-
fold increases in oxygen affinity compared to that of wild-
type HbI, and 3-12-fold increases in oxygen affinity
compared to that of F97L. Furthermore, the reactivity of the
heme iron, as measured by the CO combination rate
constants, is increased in both of these mutations. On the
basis of the structural analysis of the wild-type T state
structure, two aspects of packing of Phe 97 against the heme
and distal histidine have been proposed to contribute to the
low-affinity conformation: steric restriction of the iron into
the heme plane and lengthening of a key hydrogen bond
between the proximal His Nδ and the main chain carbonyl
oxygen of residue F4 (2). All three F4 mutants exhibit very
similar hydrogen bonding geometry between the F4 carbonyl
oxygen and the proximal His. Therefore, differences in

oxygen affinities among these mutations do not result from
modulation of this hydrogen bond. Instead, differences in
oxygen affinity appear to be more related to the side chain
packing in the heme pocket, with decreases in mass packing
against the proximal histidine and the B pyrrole ring of the
heme correlated with higher affinity.

The variation in heme positions among the F4 mutants
also may contribute to differences in oxygen affinity. The
heme group in F97Y does not attain the full T state position.
Heme groups in wild-type, F97L, and F97V T state structures
are located in positions that are consistent with ligand binding
being sterically hindered. Modeling bound CO onto the
unliganded heme positions suggests a 2.1-2.2 Å distance
between the oxygen atom of the ligand in the wild type,
F97L, and F97V, whereas this distance increases to 2.4 Å
for the unliganded F97Y structure. Reduction of the steric
barrier to ligand binding may contribute to the higher oxygen
combination rate constants observed for F97Y. The influence
of the F4 residue in the proximal pocket on distal ligand
interactions further supports the idea that the distal and
proximal effects within HbI are coupled through the move-
ment of the heme group, as suggested previously (8).
Substitution of a Phe at position 114 prevents the heme group
from moving to its R state position, while simultaneously
locking Phe 97 in its T state position, demonstrating that
these two allosterically important changes occur in a
concerted manner (8).

Functionally important structural differences among F4
mutants also extend to the dimeric interface hydration. As
shown in Figures 3 and 6, mutation at the F4 position results
in alteration of the ordered interface water molecules, with
the F97Y mutant exhibiting the most fluid water cluster. On
the basis of molecular dynamics calculations (27) and
mutagenesis (8), it has been suggested that the route for
ligand migration may be quite different in HbI than in
myoglobin. Such a difference could result from the involve-
ment of the distal histidine in the dimeric interface, which
would be likely to attenuate its flexibility and prevent

FIGURE 6: Core interface water hydrogen bonding network in unliganded F97L, F97V, and F97Y. The course of the polypeptide chain is
depicted as a gray ribbon diagram, with hemes colored red, distal and proximal histidines blue, and side chains for residue Thr 72 and Asn
79 (F79V) gray and red, respectively; the interface water molecules are depicted as small red spheres, and residue F4 is depicted as yellow
van der Waals surfaces (partially hidden). The hydrogen bonding network is colored cyan among interface water molecules and those side
chains included in the figure. The interface water network for unliganded F97L is quite similar to that of the wild type and includes 17
well-ordered water molecules; that for unliganded F97V is less extensive, whereas the interface water network for unliganded F97Y is
much less extensive and the most disordered.
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swinging into the solvent to permit ligand entry. The more
fluid water arrangement in F97Y may release some of the
restriction to the distal histidine movement and could open
an additional channel for ligand migration past a swinging
distal His. This effect, as well as the position of the heme
groups noted above, may contribute to the very fast oxy-
gen combination rates observed in F97Y (Figure 1 and
Table 1).

Organization of Interface Water Structure.Mutation of
the F4 residue provides a useful probe of the interface water
structure, which has been shown to be functionally important
in HbI (10). In the unliganded HbI structure, a very well
ordered cluster of 17 water molecules contributes to T state
stability. Movement of each Phe 97 into the interface upon
ligand binding displaces three water molecules, which is part
of an overall rearrangement into 11 core interface water
molecules. Despite such a dramatic rearrangement, five water
molecules are unaltered by the T to R transition and form a
nucleus onto which the alternate water structures are as-
sembled. Introduction of a Tyr into the interface in the F97Y
structure substantially alters the interface water arrangement,
including disrupting the central nucleus. In the R state, nine
well-ordered water molecules can still be accommodated,
but differences in the unliganded structure are more drastic
with only six substantially less well ordered water molecules
present. Apparently, the core interface water structure of the
T state is incompatible with the presence of a Tyr side chain
in the interface. This provides an indication of the exquisite
organization of the HbI dimeric interface to be able to
maintain well-ordered, albeit rearranged, water networks in
the presence and absence of a phenyl side chain in the
interface.

Control of Ligand-Linked Heme Group MoVement.Al-
though movement of the heme group appears to be the trigger
that initiates allosteric transitions withinScapharcaHb,
aspects of the driving forces for this movement remain
elusive. The bound ligand itself has been suggested to
contribute to the movement of the heme from its T state to
R state, due to its contacts with the distal His (8), an idea
that is consistent with attenuation of this heme movement
in mutants of the distal His (J. E. Knapp, W. E. Royer, Jr.,
Q. H. Gibson, manuscript in preparation). It is, however,
unclear what drives an unliganded heme from its R to T state
position. F97Y is the first HbI mutant in which the
unliganded heme does not attain a normal T state position,
rather it undergoes∼70% of the wild-type R to T state
transition. This implies that Tyr 97, which remains in the
interface in both states, interferes with the T state positioning
of the heme group. There are three plausible structural
changes that could contribute to the altered unliganded heme
position: (1) shifts in the F-helix, (2) removal of packing
contacts in the unliganded F97Y heme pocket, and (3)
alterations in the subunit interface. Comparison of the wild
type and F4 mutants show that all three mutants shift the
F-helix by ∼0.2 Å in each subunit, suggesting that if this
were the cause of the attenuated heme movement, all F4
mutants, not just F97Y, should show attenuated heme
movement. Likewise, the packing contacts observed in
unliganded HbI are missing in both F97V and F97Y. Thus,
it appears unlikely that stereochemical alterations in the heme
pocket of each subunit are responsible for the anomalous
heme movement of F97Y. On the other hand, F97Y is unique

in the nature of its T state interface, with the least organized
water cluster, as discussed above. Ordered water molecules
that are observed to form hydrogen bonds with the heme
propionates in other unliganded structures are not found in
the unliganded F97Y interface. This raises the possibility
that the ordered water molecules in the dimeric interface of
the T state HbI structure may play a critical role in facili-
tating the heme group movement to its normal T state
position.

F97Y as a Mimic for the R State.Comparisons of
mutations that approach an allosteric end point offer the
potential to contribute to our understanding of the functional
ramifications of the allosteric transition in HbI. F97Y is the
highest-affinity HbI mutant constructed to date and possesses
many of the structural attributes of the R state, even in the
absence of ligand. A useful comparison can be made with
another high-affinity mutant, T72V, in which the interface
water structure of the T state is destabilized. T72V undergoes
the complete HbI allosteric transition (28) and exhibits high
levels of cooperativity for oxygen binding, results that can
be fully interpreted in the context of the MWC model in
which the allosteric constantL is drastically reduced due to
the destabilization of the T state (10). On the basis of the
analysis of oxygen/CO replacement data similar to that
described here for the Phe 97 mutants, the rate constant for
binding the second oxygen (k2′) is estimated to be 50µM-1

s-1, whereas the oxygen dissociation constant for the doubly
liganded form (k2) is estimated to be 3 s-1. The similarity of
these values with those for F97Y (Table 1) supports the
notion that F97Y is locked in the R state. These results
strongly support an earlier suggestion, based on the MWC
model (15), of an approximately 300-fold difference between
R and T state affinities (10). This suggests that F97Y can
be considered a reasonable mimic for the R state of HbI,
and its 100-fold increase in oxygen affinity relative to that
of the wild type illustrates the very strong functional impact
of the R to T transition in HbI that is achieved despite relying
on relatively localized tertiary transitions.

Comparison with Myoglobin.The F4 position of sperm
whale myoglobin, occupied by a leucine in the wild type,
has also been investigated by mutagenesis (Figure 7).
Mutation of Leu F4 to Gly increases oxygen affinity by 1.2-
fold; on the other hand, the introduction of Phe decreases
the oxygen affinity by a factor of 1.7, and Trp decreases
oxygen affinity by 4-fold. Thus, mutations at this position
in myoglobin ranging from very small (Gly) to very large
(Trp) result in a less than 5-fold difference in oxygen affinity.
In contrast, mutations at the F4 position in HbI result in a
100-fold change in oxygen affinity. Why is HbI so much
more sensitive to the size of the residue at position F4 than
sperm whale myoglobin? A likely key contributor is the
orientation of the proximal histidine and the heme group.
As shown in Figure 4, the proximal histidine for myoglobin
is in an eclipsed orientation relative to the heme pyrrole
nitrogen atoms of the A and C rings (with an azimuthal angle
of 1°), whereas in the CO derivative of HbI, the proximal
histidine takes a more staggered orientation (azimuthal angle
of 29-31°). In an eclipsed orientation, movement of the
heme iron into the heme plane is somewhat restricted by
tight contacts between the histidine imidazole ring atoms and
the heme pyrrole nitrogen atoms, an effect that becomes more
pronounced if the proximal histidine is tilted relative to the

14428 Biochemistry, Vol. 44, No. 44, 2005 Knapp et al.



heme normal. This effect was elegantly shown in Barrick’s
replacement of the proximal histidine by free imidazole using
his H93G mutation, in which a bound imidazole, unrestrained
by the polypeptide, attains a staggered orientation and moves
closer to the heme than the proximal histidine (29). Restricted
iron motion will lower the heme reactivity, due to the strain
induced in bringing the heme iron atom into a position to
bind six ligands in an octahedral coordination. In contrast,
the more staggered orientation of the proximal histidine in
HbI potentially allows higher intrinsic oxygen affinity, but
also permits other stereochemical strategies that limit iron
motion to have a large impact on oxygen affinity. Alteration
of the packing of the F4 side chain in the heme pocket has
a profound effect on oxygen affinity, as illustrated by the
mutations presented here. This providesScapharcaHbI with
a mechanism for strongly modulating oxygen affinity based
on alternate proximal pocket structures.

These comparisons highlight the strategy used byScaphar-
ca HbI that is strikingly different from that employed by
mammalian hemoglobins, despite sharing modulation of
proximal stereochemistry as an allosteric mechanism. A
relatively staggered arrangement of the proximal histidine
in mammalian hemoglobins, although not as staggered as
observed in sperm whale myoglobin, renders oxygen affinity
particularly sensitive to the tilt of the histidine relative to
the heme plane (30). A significant tilt, coupled with an
eclipsed orientation, restricts movement of the heme iron into
the heme plane due to tight contacts between the imidazole
and pyrrole nitrogen atoms. In this way, oxygen affinity can
be strongly affected by the position of the F-helix, which
acts as a link between the tilt of the proximal histidine and
key intersubunit contacts. In contrast, F4 Phe inScapharca
hemoglobin can modulate oxygen affinity by inhibiting
movement of the iron into the heme when packed in the
proximal pocket with a more eclipsed proximal His orienta-
tion and releasing this constraint by being expelled from the
pocket leaving a more staggered orientation of the proximal
His.
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