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ABSTRACT: The clam Scapharca inaequivalvis possesses two
cooperative oxygen binding hemoglobins in its red cells: a
homodimeric HbI and a heterotetrameric A2B2 HbII. Each AB
dimeric half of HbII is assembled in a manner very similar to
that of the well-studied HbI This study presents crystal
structures of HbII along with oxygen binding data both in the
crystalline state and in wet nanoporous silica gels. Despite very
similar ligand-linked structural transitions observed in HbI and
HbII crystals, HbII in the crystal or encapsulated in silica gels
apparently exhibits minimal cooperativity in oxygen binding, in
contrast with the full cooperativity exhibited by HbI crystals.
However, oxygen binding curves in the crystal indicate the
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presence of a significant functional inequivalence of A and B chains. When this inequivalence is taken into account, both crystal
and R state gel functional data are consistent with the conservation of a tertiary contribution to cooperative oxygen binding,
quantitatively similar to that measured for HbI, and are in keeping with the structural information. Furthermore, our results
indicate that to fully express cooperative ligand binding, HbII requires quaternary transitions hampered by crystal lattice and gel
encapsulation, revealing greater complexity in cooperative function than the direct communication across a dimeric interface

observed in HbI.

or more than a century, the remarkable ability of
hemoglobin to bind ligands cooperatively and to alter its
binding properties as a function of solution environment has
intrigued and perplexed investigators. Human hemoglobin A
(HbA) has been the most extensively studied,'”'* but
invertebrate hemoglobins, endowed with a simpler or different
cooperative mechanism, have provided useful alternatives for
investigating cooperativity in protein function.'>"¢
The hemoglobins of the blood clam Scapharca inaequivalvis
are formed by three different polypeptide chains. Two chains,
designated A and B, assemble to form a heterotetramer (HbII),
while a third chain assembles to form a homodimer (HbI)."”
Both HbI and HbII exhibit subunit pairing with extensive
interactions between helices E and F, a dimeric arrangement
shared by all cooperative invertebrate hemoglobins with known
crystal structures'® that is entirely different from subunit pairing
in the very extensively studied tetrameric mammalian
hemoglobins (Figure 1). Largely because of its simplicity as a
homodimer, HbI has been the most well-studied cooperative
invertebrate hemoglobin.'>'®'® These studies have revealed the
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role of tertiary interactions as the primary driving force for a
cooperative mechanism that involves interface water molecules
and a tight coupling between contacting interface helices.'®"”
Of particular interest is the finding that crystals of HbI exhibit
full cooperative oxygen binding, indicating that the crystal
lattice does not inhibit the structural transitions required for
protein cooperativity.”® Consistent with these functional results
are structures that show the full conformational transitions
identified from earlier separate structures of liganded and
unliganded HbL>' The full cooperative ligand binding and
transitions of HbI within the crystal lattice permit time-resolved
crystallographic experiments to identify the time-dependent
structural transitions that underlie cooperativity and key
intermediates that facilitate functionally important conforma-
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tional changes.

Received: December 3, 2012
Revised: ~ February 28, 2013
Published: March 4, 2013

dx.doi.org/10.1021/bi301620x | Biochemistry 2013, 52, 2108—2117


pubs.acs.org/biochemistry

Biochemistry

Scapharca inaequivalvis Hbl|
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Figure 1. Quaternary assembly of human and clam hemoglobins.
Subunits are depicted as van der Waals spheres for main chain and
heme atoms, with heme groups colored red, helices E and F cyan, and
the rest of the main chain gray. (a) Human oxygenated HbA (PDB
entry IHHO) with a subunits colored dark gray and f subunits light
gray. Note how helices E and F are on the outside of the molecule. (b)
S. inaequivalvis tetrameric HbII-CO (PDB entry 1SCT) viewed
approximately along its molecular dyad with A subunits colored dark
gray and B subunits light gray. Note the extensive subunit pairings
involving helices E and F. (c) S. inaequivalvis homodimeric HbI-CO
(PDB entry 3SDH) viewed approximately along its molecular dyad
showing the extensive dimeric interactions involving helices E and F.
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Tetrameric HbII is assembled as two heterodimers, each of
which shows a subunit arrangement very similar to that of
homodimeric HbL** Binding of oxygen exhibits enhanced
cooperativity compared with that of HbI (Hill coefficient of
1.9), along with a sensitivity to pH and a ligand-linked tendency
to polymerize,”® properties not observed in homodimeric HbL

Here, we report crystallographic and oxygen binding studies
of HbII to illuminate the contribution of tertiary and quaternary
structural transitions to HbII allostery. Despite similar ligand-
linked structural transitions observed in HbII and HbI, only
minimal levels of cooperativity are apparently expressed by
crystals of HbIL Furthermore, similar oxygen binding proper-
ties are evident with HbII encapsulated in silica gels, confirming
a requirement for quaternary transitions not compatible with
either the crystal lattice or silica gel encapsulation. However,
when oxygen binding of HbII in the crystal and encapsulated in
silica gels is analyzed taking into account the large functional
asymmetry of subunits A and B exhibited in the crystal and in T
state gels, a tertiary contribution to cooperativity in oxygen
binding appears to be maintained in R state gels and crystals of
HbII. Overall, these results suggest that the allosteric properties
of HbII require more complex quaternary transitions than those
operating in HbL

B MATERIALS AND METHODS

Chemicals. Na" and K phosphate, EDTA, and bovine liver
catalase were purchased from Sigma Aldrich and are of the
highest quality grade. Helium, oxygen, nitrogen, and carbon
monoxide were of research grade.

Hbll Purification. Purified HbII was the generous gift of G.
Colotti and E. Chiancone (University of Rome, Rome, Italy).

Crystallographic Analysis. HbII-CO was crystallized
under high-salt conditions [1.9-2.2 M Na*/K" phosphate
(pH 5.8)] in the presence of a carbon monoxide (CO)
atmosphere as described previously.”* Crystals were mounted
in cryoloops, after being coated in Paratone-N and frozen in a
cold stream at BioCARS beamline 14-BMC.

Crystallization of unliganded HbII under anaerobic con-
ditions was not successful; the propensity of unliganded HbII
to polymerize” may have contributed to difficulties with
crystallization. Instead, crystals of unliganded HbII were
obtained through the ligand transition procedure previously
used successfully with HbL*" In brief, crystals of HbII-CO were
soaked in 150 mM potassium ferricyanide, 300 mM potassium
cyanide, and 2.2 M phosphate (pH $.8) for 2 h under a bright
light to displace CO while oxidizing the heme iron. These
oxidized HbII crystals were then rinsed in 2.2 M phosphate
(pH 5.8) and transferred to an anaerobic chamber. Crystals
were then reduced by being soaked in a solution containing 150
mM sodium dithionite and 2.2 M phosphate (pH $.8) for 1-5§
h before being mounted. Crystals were then transferred to
Paratone-N, coated, mounted on a cryoloop, and flash-frozen in
liquid nitrogen all within the anaerobic chamber. They were
then shipped to BioCARS for the collection of diffraction data.
Diffraction data revealed a cell transformation to space group
P222, from the original P2,2,2, cell of HbII-CO.

X-ray diffraction data (0.979 A) were collected at BioCARS
beamline BMC on an ADSC Quantum 315 detector at 100 K.
Data collection statistics are listed in Table 1.

The starting point for refinement of HbII-CO was the 2 A
structure (PDB entry 1SCT).>* For unliganded HbII, molecular
replacement with PDB entry 1SCT using AMORE provided
the starting point for refinement. Both structures were refined
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Table 1. Crystallographic Statistics®

HbII-CO unliganded HbII
Data Collection
space group P2,2,2, P222,

cell dimensions [a, b, ¢
A)]

resolution (A)

92.54, 99.88, 125.24 94.35, 100.96, 127.17

50—1.24 (1.29-1.24) 50—1.45 (1.5—1.45)

Rym (%) 59 (38.1) 6.7 (28.5)
I/l 29.5 (3.3) 13.9 (2.7)
completeness (%) 98.9 (98.1) 92.2 (90.0)
redundancy 62 (4.5) 3.5 (32)
Refinement
resolution (A) 30.0—1.25 30—-1.4S
no. of reflections 271903 187067
no. of reflections in the 14225 9800
test set
Royort/ Reee (%) 13.7/17.4 13.3/17.5
no. of atoms
protein 9626 9361
heme 344 344
CO ligand 16 0
water 1984 1945
phosphate ion 0 4
no. of residues with 86 47
alternate
conformations
B factor (A%)
protein 15.1 12.6
heme 13.9 10.4
CO ligand 14.1 -
water 30.4 283
phosphate - 326
root-mean-square
deviation
bond lengths 0.009 0.009
(A)
bond angles 142 1.28
(deg)
Ramachandran plot
(%)
most favored 96.3 96.2
additionally 3.7 3.8
allowed
generously 0.0 0.0
allowed
disallowed 0.0 0.0
PDB entry 4HRR 4HRT

“Values in parentheses are for the highest-resolution shell.

using anisotropic atomic B factors with REFMACS. Molecular
building, including addition of alternate conformers and water
molecules, was conducted with COOT.?® Final statistics are
listed in Table 1.

Accession Number. Coordinates and structure factors have
been deposited in the Protein Data Bank as entries 4HRR for
HbII-CO and 4HRT for deoxy-HbIL

Oxygen Binding Measurements on Hbll Crystals.
Single crystals of HbII, stored in a stabilizing solution
containing 62% Na*/K' phosphate (pH 5.8) equilibrated
with 1 atm of CO, were withdrawn from the vial and soaked in
a solution with the same phosphate concentration at pH 7.0, in
the presence of 4000 units/mL bovine liver catalase. The
crystals were placed in a Dvorak-Stotler flow cell,”” and the flow
cell was covered with a transparent, isotropic, and oxygen
permeable silicon membrane (MEM 213) and connected to a
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humidified gas line, as previously described.”® The flow cell was
mounted on the thermostated stage of a Zeiss MPMO3
microspectrophotometer. HbII-CO crystals were exposed to
the white light of a 75 W xenon lamp to release CO, under a
flow of pure oxygen.

Polarized absorption spectra in the 450—700 nm range were
collected along two of the crystal axes, as described else-
where,”* " as a function of oxygen partial pressure between 0
and 760 Torr. Oxygen pressures were prepared by a gas mixer
generator (Environics 4000 series). The fractional saturation at
each oxygen partial pressure was calculated by fitting the
spectra to a linear combination of reference spectra of the pure
oxy, deoxy, and oxidized species.”®

The equilibration of crystals at a defined oxygen partial
pressure required from 1 to 4 h, depending on the oxygen
partial pressure. Therefore, to limit the amount of oxidized
HDbII to <5%, oxygen binding curves were usually determined
from data points collected on four HbII crystals.

Hbll Encapsulation in Wet Nanoporous Silica Gels.
HbII encapsulation was conducted following the sol—gel
procedure reported previously with some modifications.>*~>°
A solution of tetramethyl orthosilicate (TMOS), water, and
hydrochloric acid was sonicated for 20 min. An equal volume of
a solution containing 10 mM phosphate and 1 mM EDTA (pH
6.0) was added and the mixture bubbled with humidified
nitrogen for 40 min to remove both methanol formed via
TMOS hydrolysis and oxygen.

A 250 uM solution of HbII in 50 mM phosphate, 1 mM
EDTA, and 10 mM sodium dithionite (pH 7.2) was
anaerobically mixed in a 1.5:1 ratio with the sol. Gelification
occurred within 10 min at 4 °C. HbII gels were covered with a
solution containing 100 mM phosphate, 1 mM EDTA, and 30
mM sodium dithionite (pH 7.0) and stored at 4 °C. R and T
states were encapsulated with the same protocol, using
solutions equilibrated with CO and nitrogen, respectively.

Oxygen Binding Measurements on Hbll in Solution
and Encapsulated in Silica Gel. Oxygen binding curves on
HbII in solution were determined using a homemade
tonometer>® connected to the gas mixture generator. The
samples were equilibrated for 30 min at different oxygen partial
pressures, and the spectra were recorded with a Cary 400
(Varian) spectrophotometer in the 450—700 nm range. To
prevent met-hemoglobin formation, the enzymatic Hayashi
reduction system was added to the solution.>®

Oxygen binding measurements on HbII gels encapsulated in
either the T or R state were taken using a Zeiss MPMO03
microspectrophotometer with the same procedure followed for
HbII crystals. For the R state HbII gel, oxygen binding
measurements were preceded by CO removal via photolysis
under a pure oxygen flow. In gel experiments, catalase (4000
units/mL) was added to the buffer solution.

Solution reference spectra were recorded in a manner similar
to that used for crystals. For the determination of the oxygen
fractional saturation of HbII gels, a slope function was added in
the fitting procedure to account for the scattering contribution
of the silica matrix to the absorption.>>****

In a manner different from that of human HbA gels, in which
changes in oxygen affinity associated with conformational
relaxations during oxygen equilibration prevent the attainment
of a stable fractional saturation,”’ T and R HbII gel fractional
saturations remain stable after the equilibration phase (10 min).

Gel Filtration Chromatography. HbIl in 100 mM
phosphate and 1 mM EDTA (pH 7.0) was loaded on a G-
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100 resin packed on an XK 16/70 column (GE Healthcare)
connected to an AKTA Prime chromatographic system (GE
Healthcare). Chromatographic runs were conducted at a flow
rate of 0.2 mL/min and 20 °C. The G-100 column was
calibrated using gel filtration molecular mass standards (GE
Healthcare): ovalbumin (43000 Da), conalbumin (75000 Da),
and horse heart myoglobin (17000 Da). To calculate the void
volume, Blue Dextran 2000 was used.

B RESULTS AND DISCUSSION

Crystal Structure of HblI-CO. The resolution of the crystal
structure of carbon monoxide-bound HbII has been extended
from the previously published 2.0 A structure”® to 1.25 A, as a
result of the collection of data from frozen crystals at BioCARS
beamline 14-BMC. The asymmetric unit of these crystals is
formed from two HbII tetramers, including four A chains and
four B chains. Crystallographic statistics of the analysis are
listed in Table 1.

HDbII is assembled as two AB heterodimers related by a
molecular dyad as shown in Figure 1b. Each AB heterodimer is
assembled in a manner nearly identical to that of the HbI
homodimer (Figure 1c) with extensive interactions between
helices E and F. The key interface residues in the HbI
homodimer are maintained in the HbII AB dimers. At the
periphery of the interface, however, a few differences are
evident, as discussed in our earlier analysis of HbII-CO.**

The higher-resolution crystallographic analysis of HbII-CO
presented here confirms many of the structural features
described for the crystal structure at 2.0 A resolution.”*
However, one striking finding not detected earlier is the fact
that Phe F4 apparently adopts alternate conformations in two
of the four A subunits in HbII-CO crystals. (Residues are
identified by their helical notation using the standard globin
designation. Phe F4, which is residue 97 in A subunits and
residue 99 in B subunits, is homologous to the fourth residue in
helix F of sperm whale myoglobin and is thus designated as F4
even though it is the 12" residue in the longer helix F found in
HbII and other invertebrate hemoglobins.) In Hbl, Phe F4
packs in the heme pocket in the unliganded form, characteristic
of the low-affinity “T” state, but is extruded into the subunit
interface when either CO or O, is bound to form the high-
affinity “R” state.””*® Mutagenesis has confirmed a central role
for Phe F4 in regulating oxygen affinity,® which appears to
derive largely from a steric effect of packing into the heme
pocket in the unliganded form to restrict movement of the
heme iron into the heme plane required for acquisition of a
high-affinity conformation. Given its central role in regulating
oxygen affinity in Hbl, the observation of clear density (Figure
2) indicating a mixture of T and R signatures in two of the four
A subunits was surprising. In contrast, Phe F4 shows the
expected R state conformation placing its side chain in the
dimeric interface in all B subunits, and in two of the A subunits,
with no evidence of packing in the T state position (Figure 2).
Thus, the HbII-CO crystals exhibit evidence of some T state
structural properties, but most subunits exhibit expected R state
structures.

Crystal Structure of Unliganded Hbll. We obtained a
structure of unliganded HbII by transforming the ligand state
within crystals grown in the HbII-CO state. This was done by
removing the CO ligands by oxidizing the heme iron and then
reducing it under anaerobic conditions, which was successful in
earlier experiments with HbL>'
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Figure 2. F, — F_ omit maps, contoured at 30, for the heme region of
two of the subunits in both unliganded and CO-liganded form. The
top two panels show the unliganded heme region with expected
structural features, based on earlier analyses of homodimeric HbI. In
all eight subunits, Phe F4 packs in the heme pocket contacting both
heme and proximal histidine atoms characteristic of the low-affinity T
state. Also, density is clearly evident in the figure for two of the T state
specific interface water molecules. The bottom two panels show the
CO-liganded forms of one A and one B subunit. The density for Phe
F4 in the CO ligated form for the chain A shown indicates the
presence of two alternate conformations for this residue. In this
subunit, and one other A-type subunit, both T state and R state
conformations of Phe F4 are present. In the other two A-type subunits
and all four B-type subunits, the side chain of Phe F4 packs in the
subunit interface, which is evident in the bottom right panel and is
characteristic of the high-affinity R state form of homodimeric HbI.

Comparisons of the CO-liganded and unliganded structures
of HbII reveal transitions within each AB dimer that are very
similar to those observed in dimeric HbI. All subunits in the
unliganded HbII structure exhibit the expected T state
conformations, including Phe F4 that exhibited both T and R
state conformations in two subunits of HbII-CO (Figure 2). A
particularly notable aspect of the ligand-linked structural
transitions in HbI is a dramatic rearrangement of interface
water molecules that has been demonstrated to play a central
role in oxygen affinity and intersubunit communication.'
Ligand binding in HbII is coupled with a very similar
rearrangement of interface water molecules (Figure 3). As in
Hb], there is a core of five very well ordered water molecules
(dark blue in Figure 3) that is maintained in both liganded and
unliganded HbII AB dimers. Ligand binding, accompanied by
an extrusion of Phe F4 into the dimeric interface, results in a
striking rearrangement of very well ordered water molecules
(light blue in Figure 3). The very well ordered interface water
molecules in unliganded HbII dimers are essentially identical to
those of HbI, whereas the less well ordered interface water
molecules in HbII-CO dimers are similar, but not identical, to
those of HbL

Ligand binding is coupled with rotations between EF dimer
subunits that are slightly larger than those observed with HbL
In HbI, ligand binding results in subunits rotating relative to
each other by 3.4°. Comparisons of the four dimers per
asymmetric unit in HbII and HbII-CO reveal that ligand release
results in rotations between the EF dimer pairs that range from
3.8° to 5.1°, with ligand-linked subunit rotations in the same
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Unliganded
Hbll

Figure 3. Ligand-linked transitions of core interface water molecules in
HbIIL Shown are portions of helices E and F and heme groups along
with spheres for key water molecules. Five water molecules that are
unaltered by ligation are colored dark blue, with the remaining water
molecules colored light blue or cyan. The arrangement of water
molecules and side chains shown at the top for unliganded HbII is
indistinguishable from the conformations observed in unliganded HbL.
The water arrangement for HbII-CO is similar to that for HbI-CO, but
not identical, showing additional water molecules and some variability
among AB dimers. The water structure, along with the variation of Phe
F4 in HbII-CO, suggests that in these crystals HbII-CO does not reach
an R state structure as pure as that observed earlier with both
oxygenated and CO-liganded HbI.

direction as those for Hbl. Thus, the crystal lattice does not
prevent subunit rotations that are sufficient for full coopera-
tivity in the HbI EF dimer. Somewhat larger interdimer
rotations are observed, with ligand release resulting in rotations
of the dimer arrangement in the two crystallographically unique
tetramers of 5.1° and 6.2°. The overall motion of subunits is
complex. Unlike human hemoglobin, no pair of subunits moves
together; rather, all subunits rotate relative to each other by at
least 3.8°. As can be seen in Figure 4, ligand-linked rotations are
in similar, but not identical, directions for the subunits within
the HbII tetramer.

Oxygen Binding to Hbll in Solution. Oxygen binding
curves for HbII in solution were determined and fit to the Hill
equation (Figure S, dashed line), yielding a pso of 7.73 + 0.12
Torr and a Hill coefficient of 1.90 + 0.05. The affinities for
binding of the first (1/K;) and fourth (1/K,) oxygen molecules
to HbII, as calculated by analyzing the oxygen binding curve
with the Adair equation (Figure S, solid line), are 22.4 + 3.7
and 1.33 + 0.61 Torr, respectively. Oxygen binding curves

2112

Figure 4. a-Carbon trace for HbII-CO (green) and unliganded HbII
(purple) following alignment of one A chain (bottom right). As can be
seen, ligand binding results in rotations of all subunits, in a generally
clockwise direction for the view shown. Subunit rotations illustrated
here range from 3.8° to 6.5°.
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Figure 5. Oxygen binding to HbII in a solution containing 100 mM
phosphate and 1 mM EDTA (pH 7.0) at 15 °C (O). Data points were
fit to the Hill equation (———) with a psy of 7.73 + 0.12 Torr and a
Hill coefficient of 1.90 + 0.05 and to the Adair equation (—) with the
following dissociation constants: K; = 0.0446 + 0.0072 Torr™', K, =
0.0502 + 0.0268 Torr™, K, = 0.1974 + 0.1319 Torr™), and K, =
0.7524 + 0.2348 Torr .

measured at heme concentrations ranging from 3.4 to 107 uM
were found to be fully superimposable (data not shown). To
further verify whether HbII in solution is present in a pure
tetrameric form at the concentrations used for this work, gel
filtration experiments were conducted at 5.6 and 107 yM HblI,
with a loading volume of 0.5 mL of protein on a G-100
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Sephadex column. For comparison, HbA at similar concen-
trations was loaded on the column. From the elution volumes
of HbA and HbII (Figure 6), the estimated molecular masses

30

25

20

15

absorbance at 280 nm

10

60

elution volume (ml)

Figure 6. Elution profiles of G-100 Sephadex size exclusion
chromatography of solutions containing 100 M HbA (solid black
line), 2 uM HbA (dashed black line), 107 uM HbII (solid gray line),
and 5.6 uM HDbII (dashed gray line), conducted at 20 °C in 100 mM
phosphate and 1 mM EDTA (pH 7.0).

are 45300 and 30400 Da for HbA at 100 and 2 uM,
respectively, and 60100 Da for HbII at 107 and 5.6 uM. These
results point out that the HbII tetramer in solution is more
stable than HbA, and in the liganded state, HbII tetramer
polymerization does not occur. Indeed, HbII polymerization
occurs at higher concentrations."”

Oxygen Binding to Hbll Crystals. For the evaluation of
the oxygen fractional saturation of HbII crystals, reference
spectra for oxy-, deoxy-, and met-hemoglobin were deter-
mined.*® A single HbII crystal, stored under 1 atm of CO, was
photolyzed under a pure oxygen flow to obtain the pure
oxygenated species. Polarized absorption spectra were collected
with light linearly polarized along the ¢ and a crystal axes
(Figure 7). The crystal was then washed with a deoxygenated
solution in the presence of 30 mM sodium dithionite to obtain
the pure deoxygenated species, and the corresponding polarized
spectra were recorded (Figure 7). Finally, the crystal was
soaked in a solution containing 5 mM potassium ferricyanide to
generate the pure met-hemoglobin species (Figure 7). The
polarization ratio, i.e., the ratio of the absorbance along the two
axes as a function of wavelength, is reported in Figure 7a.

HbII-CO crystals were soaked in an air-equilibrated solution,
loaded on the Dvorak-Stotler flow cell, and mounted on a
microspectrophotomer stage. After CO photolysis under a 1
atm oxygen flow, the crystals were exposed to defined oxygen
pressures. To ascertain full reversibility of oxygen binding,
polarized absorption spectra were recorded as a function of
either decreasing or increasing oxygen pressures (Figure 8).
Observed spectra were fit to a linear combination of reference
spectra to calculate the fractional saturation of oxygenated
hemes. HbII crystals showed Hill coeflicients of 1.05 + 0.07
and 1.14 + 0.06 for binding curves measured with light
polarized parallel to the ¢ and a crystal axes, respectively
(Figure 8). These values are significantly lower than the value
measured in solution under similar experimental conditions
(Hill coefficient of 1.90 + 0.05), suggesting that homotropic
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Figure 7. Polarized absorption spectra of HbII crystals soaked in 62%
Na*/K* phosphate (pH 7) at 15 °C, collected with the electric vector
of the polarized incident light parallel to the ¢ (b) and a (c) crystal axes
for oxy (—), deoxy (———), and met (--) species. The calculated
polarization ratio is reported in panel a.

allostery is severely hampered by the crystal lattice. This finding
is different from that previously observed for crystals of HbI
from S. inaequivalvis, where the cooperativity was essentially the
same in the crystal (Hill coefficients of 1.43 + 0.07 and 1.46 +
0.06 for data recorded along the a and b axes, respectively) and
in solution (1.44).%° Although dimeric HbI and the AB dimer
of HbII share similar contacts and assembly, it seems that the
quaternary transition involving the interdimer rearrangements
plays a fundamental role in controlling the cooperativity of
HbII oxygen binding, despite the previous observation that
tertiary mechanisms are responsible for HbI cooperativ-
ity.”>*3® However, the structural information reported above
suggests that a tertiary contribution to HbII homotropic
cooperativity, with a mechanism similar to that of Hbl, could be
at work. This apparent discrepancy seems to be solved by
carefully analyzing oxygen binding data in the crystals. Indeed,
the ps, values measured along the two polarization directions
are significantly different, 2.57 + 0.18 and 1.57 + 0.10 Torr for
the oxygen binding curves measured with light polarized
parallel to the ¢ and a crystal axes, respectively (Figure 8). This
difference is observed despite the fact that the overall
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Figure 8. Hill plots derived from oxygen binding curves recorded along the ¢ (a) and a (b) crystal axes for HbII crystals soaked in 62% Na*/K*
phosphate (pH 7) at 15 °C. The calculated p, values are 2.57 # 0.18 and 1.57 + 0.10 Torr, respectively, and the Hill coefficients are 1.05 + 0.07 and

1.14 + 0.06, respectively.

projections of the four A hemes present in the unit cells are
very close to those of the B hemes (Table 2).*****! This
finding indicates that the oxygen affinity inequivalence between
A and B chains within the HbII dimer must be quantitatively
relevant. High oxygen aflinity inequivalence between A and B
hemes is necessarily associated with a Hill coefficient of <1,

Table 2. Projections of Heme Planes in R State HbII
Crystals

subunit® sin’ ziub sin’ zibb sin” z,-cb
Deoxy-HbII
A 0.0300 0.9808 0.9892
B 0.5028 0.9362 0.5611
C 0.9865 0.8240 0.1895
D 0.4941 0.6290 0.8769
E 0.9973 0.8237 0.1790
F 0.5463 0.6164 0.8373
G 0.0167 0.9841 0.9993
H 0.5762 0.9443 0.4794
HbII-CO

A 0.9770 0.779S 0.2435
B 0.4858 0.6256 0.8886
C 0.0443 0.9845 09712
D 0.5684 0.9612 0.4704
E 0.9860 0.8108 0.2031
F 0.4467 0.6555 0.8978
G 0.0496 0.9765 0.9739
H 0.6079 0.9496 0.4425

“Subunits A, C, E, and G are A chains, and subunits B, D, F, and H are
B chains. ®za, z,b, and zc are the angles between the normal to the
plane of the heme cromophore (taken as the z molecular axis) and the
a, b, and ¢ crystal axes. The plane of each heme cromophore was
calculated using the 24 heme ring atoms (carbons and nitrogens). All
normal vectors were chosen for the sake of simplicity so that the first
component is positive; each normal vector is just the normalized
eigenvector corresponding to the smallest eigenvalue of the moment-
of-inertia tensor for that heme. The fractional projections of the A
hemes onto the a and c¢ crystal axes, and therefore their fractional
contributions to absorption measured along the two axes, are 0.489
and 0461 for deoxy-HbII and 0.494 and 0.470 for HbII-CO,
respectively.
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which leads to an underestimation of the actual positive
cooperativity of HbII in the crystal. Furthermore, the observed
pso values of HbII in the crystal are lower than the pg, in
solution (7.73 + 0.12 Torr), and ~2-fold higher than the
oxygen affinity for the binding of the fourth oxygen [1/K, =
1.33 + 0.61 Torr (see Figure 5)]. This result indicates that the
crystal lattice stabilizes a high-affinity conformation of HbIL

Oxygen Binding to Hbll Encapsulated in Silica Gels.
Encapsulation of HbA in wet, nanoporous silica gels was
demonstrated to slow down by several orders of magnitude the
conformational transitions associated with ligand bind-
ing,#3073»3%*7%5 Therefore, encapsulation allows character-
ization of distinct quaternary and tertiary states that are not
normally accessible to spectroscopic investigation in solution.

HbII was encapsulated in silica gels under either deoxy or oxy
conditions (see Materials and Methods). Oxygen binding
curves were measured for either deoxy-HbII (T state) or oxy-
HbII (R state) gels, under the same experimental conditions
used for solution experiments, collecting absorption spectra as a
function of increasing or decreasing oxygen pressures.

For R state HbII gels, the Hill coefficient is 1.06 + 0.02
(Figure 9), very similar to the Hill coefficient observed in the
crystal. The psg is 3.4 + 0.1 Torr, higher than that found in R
state crystals. This difference might be due to an effect of the
high ionic strength present in the crystal stabilizing solution
containing 2.55 M phosphate. To confirm this effect, an R state
HbDII gel was soaked in a solution containing an increasing
concentration of phosphate, from 100 to 600 mM, in 1 mM
EDTA (pH 7). The samples were equilibrated at an oxygen
pressure of 3.40 Torr and 15 °C. The fractional saturation was
found to increase with phosphate concentration (Figure 9). At
the higher phosphate concentration, the ps, of R state HbII gels
was estimated to be 2.07 Torr, very close to the py, of R state
HDbII crystals and to the 1/K, of HbII in solution.

For T state gels, the oxygen binding curve exhibits a ps, of
25.6 = 0.9 Torr (Figure 9). This value is very close to the
oxygen affinity determined in solution for the binding of the
first oxygen [1/K; = 22.4 + 3.7 Torr (Figure S, solid line)].
This finding indicates that the encapsulation in silica gels has
locked deoxy-HDbII in the T state conformation, as previously
observed for HbA.**"**>* The calculated Hill coefficient is 0.85
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Figure 9. Hill plots from oxygen binding curves for HbII in solution
(O) or encapsulated in silica gel in T (A) and R (M) states. Fitting of
the data points for T and R state gels yields ps, values of 25.6 + 0.9
and 3.4 + 0.1 Torr with Hill coeflicients of 0.85 + 0.02 and 1.06 +
0.02, respectively. For R state gels, fractional saturations at an oxygen
pressure of 3.40 Torr at increasing concentrations of phosphate from
100 to 400 mM and at 600 mM are also reported (gray squares). Hill
plots for HbII crystal oxygen binding curves measured along the ¢
(—==) and a (—-—) extinction directions are reported as gray lines
(data from Figure 7).

+ 0.02. This value, lower than unity, is likely due to the
inequivalence of the A and B hemes, which leads to an apparent
negative cooperativity. The fact that the Hill coefficient value is
even lower than that found in R state HbII crystals and gels
might be due to an A/B inequivalence in the T state that is
higher than that in the R state, or to further sources of
functional heterogeneity originating from a distribution of
tertiary states and/or substates. However, for HbA, the 1/K; is
similar to the py, measured for both deoxy-Hb crystals and T
state Hb gels in the presence of saturating concentrations of
negative allosteric effectors,”*****" indicating that gel encap-
sulation under deoxy conditions locks Hb in the most “tense” T
structure. The same effect likely occurs in HbII where
encapsulation seems to abolish the contribution of both the
tertiary and quaternary relaxations to homotropic cooperativity.

Estimate of Tertiary Cooperativity in Hbll Crystals.
The Hill coefficient lower than 1 for T state HbII gels (n =
0.87) suggests the presence of functionally heterogeneous
subunits. The fitting of oxygen binding curves of T state HbII
gels to the sum of two binding hyperbola for equally populated
noncooperative sites (Figure 10a) led to the determination of
an oxygen aflinity ratio of 4.9 between the two sites. When the
fractional saturation as a function of oxygen pressure for R state
HbII gels (Figure 10b) was fit to two binding hyperbola with
equally populated binding sites, a binding cooperativity fixed to
the same value measured for HbI in solution and in the
crystalline state (Hill coefficient of 1.44),>° and an oxygen
affinity ratio fixed to 4.9, the value derived from T state HbII
gels, the calculated ps, was found to be 1.64 Torr for the
higher-affinity site, very close to the 1/K, measured in solutions
of 1.33 Torr. The goodness of the fit clearly indicates that a
significant contribution to homotropic cooperativity arises from
tertiary relaxations that are allowed in R state HbII gels.
Tertiary cooperativity appears to be partially masked by the
functional asymmetry of A and B chains. On the other side,
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Figure 10. (a) T state gel data (@) fit to the Hill equation (———)
assuming two equally populated binding sites with no cooperativity (n
= 1) (—). The two curves are indistinguishable. (b) R state gel data
(O) fit to the Hill equation (———) and assuming two equally
populated binding sites with #n = 1.44 and an A/B inequivalence of 4.9
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crystallization and encapsulation in silica gel prevent the R-to-T
quaternary conformational change that is responsible for the
remaining, large part of HbII homotropic cooperativity (overall
Hill coefficient of 1.9 in solution).

Individual oxygen binding curves for the A and B subunits of
HbII in the crystal could be extracted from the binding curves
measured with light polarized parallel to two different crystal
axes (Figure 8) and the known projections of all hemes along
the same axes (Table 2), following the formalism reported
previously.”® However, such analysis is very sensitive to small
differences in heme geometry and in the projection of heme
normal along the crystal axes. This, together with averaging
arising from the presence of two tetramers per unit cell, makes
it very difficult to achieve an accurate estimate of the oxygen
affinity of A and B hemes in R state HbII crystals. Nevertheless,
as stated above, the large separation of the ps, values measured
along two crystal axes indicates that A and B chains must be
endowed with markedly different oxygen affinities. The
functional asymmetry of subunits in HbII can be investigated
exploiting approaches previously conducted for human HbA,
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such as laser-photolysis techniques***” or kinetic and

equilibrium experiments on metal hybrid Hbs in which one
pair of subunits has an inert metal-porphyrin group.**~>°

Bl CONCLUSIONS

The pioneering work conducted by Shibayama and co-workers
exploiting the sol—gel method to fix quaternary states** was
later expanded by other groups, with the aim of investigating
the relationship between tertiary and quaternary states in the
control of functional properties of tetrameric hemoglobin. In
particular, the key observation arising from the work of
Mozzarelli, Friedman, Shibayama, Spiro, and their groups was
that (i) functionally and structurally distinct tertiary con-
formations exist within a single quaternary state®>">>%3175%
and (ii) cooperativity is suppressed in the absence of quaternary
relaxations.>* >3

The experiments presented here clearly demonstrate that
quaternary transitions, not compatible with the crystal lattice or
with encapsulation in silica gels, are required for the full
expression of oxygen binding cooperativity in HbIL. An
unexpected result is that oxygen binding curves to R state
gels and crystal, despite the assembly of nonidentical subunits
into the HbII tetramer, are consistent with the quantitative
conservation of a tertiary mechanism of intradimer coopera-
tivity similar to that observed for homodimeric HbI. This is in
full agreement with the structural information derived in this
work, given the similarity in the structure and ligand-linked
structural transitions of HbII compared with those of HbL
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