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Ever since the historic discovery of the cooperative oxygenation of its multiple subunits, hemoglobin (Hb) has
been among the most exhaustively studied allosteric proteins. However, the lack of structural information on the
intermediates between oxygenated and deoxygenated forms prevents our detailed understanding of the molecular
mechanism of its allostery. It has been difficult to prepare crystals of intact oxy-deoxy intermediates and to
individually identify the oxygen saturation for each subunit. However, our recent crystallographic studies have
demonstrated that giant Hbs from annelids are suitable for overcoming these problems and can provide abundant
information on oxy-deoxy intermediate structures. Here, we report the crystal structures of oxy-deoxy
intermediates of a 400 kDa Hb (V2Hb) from the annelid Lamellibrachia satsuma, following up on a series of
previous studies of similar giant Hbs. Four intermediate structures had average oxygen saturations of 78%, 69%,
55%, and 26%, as determined by the occupancy refinement of the bound oxygen based on ambient temperature
factors. The structures demonstrate that the cooperative oxygen dissociation is weaker, large ternary and
quaternary changes are induced at a later stage of the oxygen dissociation process, and the ternary and quaternary
changes are smaller with local perturbations. Nonetheless, the overall structural transition seemed to proceed in
the manner of the MWC two-state model. Our crystallographic snapshots of the allosteric transition of V2Hb
provide important experimental evidence for a more detailed understanding of the allostery of Hbs by extension
of the Monod—Wyman—Changeux (MWC) model.
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Crystal structures of oxy-deoxy intermediates of 400 kDa giant hemoglobin in intact form provide snapshots of the
allosteric transition and strongly support an extension of the MWC model.
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Introduction

The allosteric nature of proteins has been widely studied for over half a century [1,2] as the “second secret of life” [3];
this nature impacts the behavior of protein molecules broadly, affecting metabolism and signaling pathways, and providing
clues to drug development. Arguably the most exhaustively studied allosteric protein is hemoglobin (Hb), beginning with
the discovery of the Bohr effect [4]. Subsequent milestones of the theoretical Monod—Wyman—Changeux (MWC) model
[5] and the stereochemical model based on the crystal structures of oxygenated (oxy) and deoxygenated (deoxy) forms
[6] have provided a compelling explanation of the cooperative oxygen-binding mechanism via multiple-subunit molecules.
However, only a small amount of intact structural information about intermediates between oxy and deoxy forms [7-9]
has been available to date. One of the major reasons for this lack of information is that it remains challenging to prepare
crystals of oxy-deoxy intermediates and to identify oxygen saturation individually for each subunit in a crystal.

We have determined the crystal structures of 24-meric giant Hbs from marine annelids [10,11], which show Dj;
symmetry with six copies of each of the four subunits (Figure 1A). Recently we reported that bound oxygen of the crystals
of the giant Hbs can gradually dissociate thorough the soaking method [11,12], and that the oxygen saturation of each
subunit can be determined by the occupancy refinement of the bound oxygen based on ambient temperature factors [12].
In this study, we report the crystal structures of oxy-deoxy intermediates of 400 kDa giant Hb (V2Hb) from the annelid
Lamellibrachia satsuma by applying the above methods. In comparison to a previous analysis of the intermediate
structures of a giant Hb [12] from another species, Oligobrachia mashikoi (OliHb), we reveal significant differences in
the allosteric transitions of V2Hb. Correlations of the transition of oxygen saturations in the dimer subassemblies are
weaker, the oxygen saturation at which a large structural change occurs is significantly lower, and ternary and quaternary
changes are smaller with local perturbations than those observed in O/iHb. Our intermediate structures of V2Hb together
with those of O/iHb provide important experimental evidence for understanding the allosteric mechanism of Hb based on
extensions of the MWC model.

Materials and Methods

Sample Preparation

The tubeworm L. satsuma was collected and the 400 kDa V2Hb was purified as reported previously [11]. Briefly, the
blood of the worm was loaded onto a size exclusion column (Sephacryl S-400; Cytiva), and fractions with ratios of
absorbance of around 2.8 at 416 nm to 280 nm were collected.

Oxygen Equilibrium Measurements

A Thunberg cuvette cell was connected to a vacuum pump to evacuate the air inside the cell. A mixture of 99.05%
helium and 0.95% butane gas was injected into the cell and 3 ml of a 50 uM of V2HD solution (pH 6.6) was added and
shaken slowly for 30 min. The absorption spectrum from 450 nm to 650 nm was measured; then, a small amount of air
was injected into the cuvette cell and equilibrated for 15-30 min, followed by the measurement of the absorption spectrum,
until the sample reached a fully oxy form. The partial pressure of oxygen at half-saturation (Pso) was calculated by the
absorption changes at 550 and 570 nm, and cooperativity values (#max) Were obtained from the maximum slope of the Hill
plot.

Crystallization

The protein was desalted and concentrated to 20-35 mg/ml by ultrafiltration in a solution of 50 mM Tris-HCI pH 7.2
and 10 mM CaCl, or MgCl,. Bright red crystals were obtained by the sitting-drop vapor diffusion method at 20°C using
equal volumes of protein solution and reservoir solution containing 14-17% (w/v) polyethylene glycol (PEG)-3350 and
100 mM HEPES-NaOH pH 7.5. Crystals grew to typical dimensions of 0.3 mm x 0.3 mm x 0.5 mm.

Deoxygenation of the Oxy Crystals

The oxy crystals were soaked in buffer containing 20% (v/v) PEG-400, 18-20% PEG-3350, and 100 mM HEPES-NaOH
pH 7.5. The PEG-400 concentration was increased stepwise by 5%, 10%, and 15%, each for 5-10 s. The crystals were
then soaked in the final buffer containing 50 mM sodium hydrosulfite, 20% PEG-400, 18-20% PEG-3350, and 100 mM
HEPES-NaOH pH 7.5. The dissociation of the bound oxygen is not solely dependent on the concentration of sodium
hydrosulfite, it is crucial to increase the concentration of PEG400 at the same time, and increasing the concentration of
sodium hydrosulfite alone is insufficient. Since oxygen re-binding were observed in the long soaking, the crystals were
incubated for 3-180s. The crystals were immediately flash-frozen under a nitrogen gas stream at -183°C.

Microspectrometry
The absorption spectra of the soaked crystals were measured and corrected for the air blank baseline under a nitrogen-
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gas cryostream using an online microspectrophotometer at beamline BL38B1 [13].

Data Collection, Model Building, and Refinement

X-ray diffraction experiments were performed on beamlines BL38B1 and BL41XU at SPring-8, BL-5A at KEK PF, and
NWI12A at KEK PF-AR. All data were processed and scaled using XDS [14] and truncated by the CCP4 software suite
[15]. The structures of V2Hb [PDB ID: 3wct or 3wcu] were used as the search models to determine the initial phases by
the molecular replacement method using PHASER [16]. Several cycles of manual model rebuilding and refinement were
performed using COOT [17] and PHENIX [18], respectively. No symmetry restraint was applied in the structure
refinement though the asymmetric unit contains two copies of each of the four subunits.

Ligand Occupancy Estimation

The occupancies of the bound oxygen molecules at each subunit were estimated as described in our previous study of
OIiHDb [12]. Briefly, refinements were performed for the oxygen-omitted model; then, oxygen molecules were added to
the model, and the XYZ coordinates, atomic displacement parameters (B-factors), and group occupancies for the oxygen
molecules of each subunit were refined while the parameters for the other atoms remained fixed. The refined occupancies
of the oxygen molecules were manually adjusted, and the individual B-factors were refined. Iterative occupancy
adjustments and B-factor refinements of the oxygen molecule were carried out until the refined B-factors of the oxygen
molecules converged within the standard deviation of the refined B-factors of the surrounding atoms (Supplementary
Table S1).

The final models were validated by MOLPROBITY [19]. The statistics for data collection and refinement are
summarized in Table 1. The figures were prepared using PYMOL software (http://www.pymol.org/).

The atomic coordinates and experimental data (PDB ID: 7vlc, 7vld, 7vle, and 7vlf for the structures of 78%, 69%, 55%,
and 26% oxygen saturation, respectively) have been deposited in the Protein Data Bank (www.wwpdb.org).

Results

Oxygenation Properties of V2Hb

Our previous study demonstrated that the crystal structure of V2HbD is quite similar to that of OliHb, but some local
differences such as a lack of inter-subunit disulfide bonds or glycosylation were observed in V2Hb. To address whether
the oxygenation properties of V2Hb are significantly different from those of O/iHb [20], we measured the oxygen
equilibrium of V2Hb. The Hill plot of the oxygen equilibrium (Figure 1B) clarified that the oxygen affinity (Pso = 0.095
mmHg) of V2Hb is remarkably higher than that of O/iHb (maximum 0.19 mmHg), though the cooperativity (#max = 1.4)
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Figure 1 The overall structure and oxygen equilibrium curve of V2Hb. (A) Ribbon diagram of V2Hb. The Al, A2, B1
and B2 subunits are shown in red, green, yellow and blue, respectively. Six copies of each subunit form a spherical
24-mer assembly as a biological unit. (B) Hill plot of oxygen binding by V2Hb. Y, fractional saturation of Hb with oxygen;
pOa, partial pressure of oxygen in mmHg. Note that the plot appears to be almost linear shape due to limited range of
pOa. The slope of the black line corresponds to the 7nmax value of 1.4.
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is comparable to that of O/iHD in the absence of a divalent cation as an allosteric effector. We have previously reported
that the divalent cations would have no contribution to the cooperativity of V2Hb because all cation binding sites are
located on the surface of the molecule and no inter-subunit interactions are mediated through the bound ions [11].

Table 1 Data collection and refinement statistics

Data collection Data 1 (7vlc) Data 2 (7vId) Data 3 (7vle) Data 4 (7vIf)
Soaking time (sec) 20 60 40 90
Wavelength (A) 1.0000 1.0000 1.0000 1.0000
Space group P63 P6; P63 P63
Unit-cell (a /¢) (A) 109.2/194.7 110.3/197.0 109.6/195.5 109.0/194.7
Resolution (A) 50-2.20 (2.33-2.20) 50-2.10 (2.23-2.10) 50-2.30 (2.44-2.30) 50-2.40 (2.54-2.40)
No. of observations 711,971 784,723 652,863 590,159
No. of unique reflection 66,402 77,995 58,863 51,085
Completeness (%) 99.9 (99.8) 98.9 (93.6) 99.9 (99.5) 99.9 (99.8)
Average I/o(]) 17.2 (2.0) 17.8 (1.4) 15.6 (1.8) 23.3 (4.6)
Redundancy 10.7 (7.0) 10.1(5.3) 11.1 (9.1) 11.6 (11.6)
Rsym (%) 8.7 (83.7) 8.8 (105) 12.2 (132) 7.5 (53.5)
CCi2 (%) 99.9 (71.7) 99.9 (52.9) 99.9 (58.4) 99.9 (86.6)
Refinement
R/ Rfree (%) 19.8/24.2 19.0/22.1 20.3/24.7 24.5/27.4
Average B-factor (A?) 494 394 44.8 53.0
Number of atoms

Protein 9,104 9,150 9,112 9,120

Heme and oxygen 360 360 360 352

Carbohydrate 48 48 48 48

Ca® 2 2 2

Water 427 798 316 113
RMSD from ideal

Bonds (A) 0.004 0.003 0.005 0.003

Angles (°) 0.60 0.61 0.75 0.60
Ramachandran plot

Favored region (%) 98.10 98.53 97.80 97.67

Allowed region (%) 1.90 1.30 2.20 2.25

Outlier region (%) 0 0.17 0 0.09

Values for the outer shell are given in parentheses.

Oxygen Dissociation in Crystalline V2Hb

Our previous study demonstrated that the oxy crystal of V2Hb can shift to the deoxy form, and a crystalline state could
be maintained by soaking in a solution containing 50 mM sodium hydrosulfite [11]. To obtain crystals of the oxy-deoxy
intermediate state, we tested various soaking times from 3 s to 180 s and then immediately flash-froze the crystals under
a nitrogen gas stream at 95 K. The oxygenation state of the crystals was verified by the absorption spectra (Figure 2) of
the crystals using an online microspectrophotometer at beamline BL38B1 of SPring-8 [13]. Thin platelike crystals of
about 50 um or less were used to avoid signal saturation. The spectra from the 20 s and 60 s soakings clearly showed
patterns that were intermediate between the typical spectra from the oxy and deoxy Hb. These facts demonstrate that the
soaking method described above is useful to obtain oxy-deoxy intermediate crystals. The spectra also indicated that the
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crystal from the 20 s soaking is closer to the deoxy state than 2.5

the crystal from the 60 s soaking. While this may appear to

be contradictory, in fact it would be attributable to the 55

difference in crystal thickness, because a longer soaking

time would be required for thicker crystals to achieve 9

sufficient oxygen dissociation. It was so difficult to prepare 15

crystals of precisely consistent thickness because at the time %

we collected the data, crystal processing machines [21] were & 1.0

not yet available. This made it difficult to control the oxygen <

saturation rate by soaking time alone. Moreover, thin 0.5

crystals of less than 50 um gave only low-resolution

diffraction in spite of the experiments at the synchrotron 0.0 : . . )
facilities. Therefore, we finally employed thick, large 450 500 550 600 650

crystals of more than 100 pm and prepare kinds of crystals
with various soaking times to collect X-ray diffraction data
for a variety of oxygen saturation levels. And we decidedto  Figure 2  Absorption spectra of the oxy-deoxy

estimate the oxygen saturgtion (i.e. occupancy) by structural  jptermediate crystals of V2Hb. Data were measured
refinement using the previously reported method [12] based  ysing thin platelike crystals independently of the

Wavelength (nm)

on ambient temperature factors. diffraction experiments via microspectrophotometer.
. o The soaking times are shown in the inset of the
Oxygen Dissociation at Each Heme Pocket diagram. The peaks around 630 nm are derived from

Ample X-ray diffraction data were collected for various  the emission lines of the Hg—Xe lamp.
soaking times and obtained four identical intermediate
structures (designated as Data 1, 2, 3, and 4) determined at 2.2, 2.1, 2.3, and 2.4 A resolution, respectively. As reported
previously, the 24meric whole V2Hb molecule shows D3 symmetry with six copies of each of the four subunits [11]. The
crystals maintained their packing during soaking, so that they belonged to the same space group of P63. The asymmetric
unit contains two copies of each of the four subunits (Al, A2, BI, B2, Al1°, A2’, BI’, and B2’), because the
crystallographic three-fold symmetry axis is along the molecular symmetric axis. Significant changes were seen in the
electron densities at the heme pockets of each subunit. Roughly, a longer soaking time resulted in weaker electron density
at all heme pockets, and the electron density disappeared at 90 s of soaking (Figure 3A).

To determine the quantitative oxygen saturation at each subunit, we refined the coarse occupancy of the bound oxygen
based on ambient temperature factors, as reported previously [12]. Supplementary Table S1 shows the refined B-factors
of the heme-surrounding atoms (Figure 3B) and the estimated occupancy of each oxygen molecule (summarized in Figure
3C). The average occupancy of each subunit provides total oxygen saturation in the crystals of 78%, 69%, 55%, and 26%
for Data 1, 2, 3, and 4, respectively. We previously reported that X-ray radiation reduces oxygen saturation by 1-7
percentage points after data collection, when oxygen saturation is 20% or higher [12].

Although V2Hb forms a quaternary assembly identical to that of O/iHDb, the observed changes in the occupancy in each
subunit suggest more complex correlations among the subunits. The Al and B1 subunits form a dimer subassembly in
the 24meric whole structure, and the A2 and B2 subunits form another dimer. However, there seems to be only moderate
correlation between the Al and B1 subunits or the A2 and B2 subunits, whereas strong correlations are observed in the
case of OliHD [12]. This is also the case for A1' and B1', but there seems to be little correlation between the A2' and B2'
subunits. These observations strongly suggested that V2Hb and O/iHb have different cooperativity mechanisms in their
structural transitions.

Ternary and Quaternary Structural Changes

We have reported that the most remarkable ternary structural change that directly affects oxygen affinity at the heme
pocket is the protrusion of Val E11 towards the heme pocket in giant Hbs [22]. In addition, we have elucidated that the
change at the Val E11 is a single-step transition, as suggested in the MWC two-state model by the structural analysis of
the oxy-deoxy intermediates of O/iHb [12]. Transitions of the distances between the CP atom of Val E11 and the iron of
the heme in V2Hb (Figure 4A) clearly confirm similar single-step transitions between Data 3 (55% oxy) and Data 4 (26%
oxy). Changes in distances are relatively small to discuss by current resolution, but the feature that Data 4 shows the
minimum distance is exactly the same for all eight subunits. This fact will indicate that the protrusion of Val E11 occur
between Data 3 and 4, though slight perturbations are observed among Data 1, 2, and 3 (78%-55% oxy). Thus, no
significant protrusions of Val E11 occurred even at 55% oxygen saturation, and this is in contrast to the fact that the
conformational change at Val E11 of O/iHD is complete at an equivalent (58%) oxygen saturation. Another remarkable
ternary structural change was observed at the AB loop region in each subunit. Structural changes of the AB loops of all

190019 5



Biophysics and Physicobiology Vol. 19
(A)

Data 1; 20 s soaking

(B) ©) . - 2
c c
B 08 _g 08
Trp/Phe (B10) E . ED-S
] [} B2
HIS E7) g 04 g 04
Phe /\ c c
(CD1 - S 02 A1 5,02 A2
7" val (E11) 3, 3,
X o2 0.4 06 08 X 02 0.4 06 08
Overall % oxy Overall % oxy
5-\_{1 £ £
> > )
Heme g 08 '% 08 B2
His (F8) \ % 0.6 E 0.6
Sand @ [
-t (o] (]
E 0.4 A1‘ E 0.4 A2y
2 o2 BT X oo
o o
X o X o
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Overall % oxy Overall % oxy

Figure 3 Determination of the oxygen saturation fraction of each subunit. (A) Electron densities superposed on the
ligand sites of each subunit. The 2F,-F. maps (blue, contoured at 1.0c) and the oxygen-omitted F,-F. maps (green,
contoured at 3.00) are represented with stick models of the heme, oxygen, proximal histidine and distal histidine. (B)
The residues to which the atoms subjected to the B-factor analysis belong are shown as stick models. (C) Transition
of oxygen saturation in each subunit (vertical axis). The overall oxygen saturation of the crystals (horizontal axis)
was calculated as the average of that of each subunit. Subunits forming the dimer subassembly are shown as a pair
in each graph.

subunits are observed when the oxygen saturation falls below 55% (Figure 4B), consistent with the changes at Val E11.
These facts indicate that V2Hb undergoes structural changes according to the MWC model as shown in O/iHb, but
switching between the R- and T-states (structures of the high and low oxygen affinity, respectively) occurs at lower
oxygen saturations. There have been reported a lot of experimental evidence that the changes in the position of iron atoms
in heme and distortion of the planar structure of heme between the R-and T-states. However, the resolutions of our
structures are still not sufficient to discuss such minute structural changes.

The quaternary structures observed in this study demonstrate that those of Data 1, 2, and 3 (78%, 69%, and 55% oxy,
respectively) globally belong to that of the R-state while only the structure of Data 4 (26% oxy) belongs to the T-state.
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Figure 4 Ternary and quaternary structural transitions of V2Hb. (A) Changes of the distance between the CP} atom of Val
E11 and the iron of the heme (dashed line in the inset) for each subunit. Black circle, Al; black square, A2; black triangle,
B1; black rhombus, B2; white circle, A1’; white square, A2’; white triangle, B1’; white rhombus, B2’. (B) Closeup views
of the superpositions of the AB loops. Data 1, 2, 3, and 4 are drawn in magenta, yellow, green, and cyan, respectively.
The A and B helices are labeled. (C) Quaternary changes of the dimer subassemblies. Superpositions of Data 3 (green)
and 4 (cyan) of V2Hb of each dimer subassembly were calculated by only one subunit (upper subunit in the figures) to
emphasize the quaternary changes. For comparison, the same superposition was performed for the dimer subassembly of
OliHb (magenta, R-state; green, T-state). Distances at the GH loop (black arrows) are indicated. (D) Quaternary changes
of the A1A2B1B2 tetramer subassemblies. The superposition was calculated by only the A2 subunit. The color schemes
are the same as in panel B. The transition of the A helix of the A1 subunit (black arrow) was evaluated by the distances at
the Ca atoms of Metl2 between Data 1 and 2, 3, and 4, respectively, and plotted in the right panel. For comparison, the
same calculations were performed for the A1’A2°B1°B2’ tetramer of V2Hb and the same tetramer of O/iHb. Black square,
transition of Al of V2Hb; black triangle, transition of A1’ of V2Hb; white circle, transition of Al of O/iHb. All
superpositions were calculated by an "align" command of program PyMOL (http://www.pymol.org/), in which a
superposition is performed by utilizing the sequence alignment information and rejecting structural outlier atoms.

This is in good agreement with the observed ternary changes, suggesting that the ternary and quaternary changes are
well synchronized. We have previously reported the mechanism of the heme-heme communication in the giant Hb [23].
The propionic acid of the heme directly interacts with the side chain of Arg/His F3 and Gln F7 of the adjacent subunit of
EF-dimer, thus the structural change of one heme directly transmits to the adjacent F helix that bound the other heme.

However, quaternary changes in the dimer subassemblies show that the relative changes between the A1 and B1 subunits
and also between the A2 and B2 subunits are smaller than those of OliHb (Figure 4C). These facts would explain, at least
in part, why the oxygen dissociation of each subunit of V2Hb has a weaker correlation between dimer subassemblies than
those of OIliHb. Analysis of the relative movement of the Al (A1’) subunit in the tetramer subassembly in the
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superposition of the A2 (A2’) subunit, which indicates a large quaternary rearrangement beyond the dimer subassembly,
also shows a single-step transition, though the changes are smaller than those observed in O/iHb (Figure 4D). Thus, the
quaternary changes at both the dimer and tetramer subassemblies are well-correlated but smaller than those of O/iHbD.
Smaller ternary changes at the AB loops would cause such relatively small quaternary changes.

Discussion

In this study, we determined four intermediates of the allosteric transition of V2Hb and produced coarse snapshots of
giant hemoglobin that differ from those of O/iHb previously reported [12]. As the Pso value of V2Hb reported here is
significantly higher than that of O/liHb [20], it seems likely that the allosteric transitions of these two giant Hbs proceed
in significantly different manners. The intermediate structures of both V2Hb in this study and OliHb provide a useful
basis for discussing in detail the molecular mechanism underlying the allostery of Hbs.

The higher oxygen affinity of V2Hb is confirmed by our intermediate structures, which demonstrate that the structures
maintain the R-state up to overall 55% oxy, even though the oxygen occupancies of the Al, B2, and B1’ subunits are
significantly lower than 0.5. The R-state of V2Hb will be stable without inter-subunit divalent cations, whereas O/iHb
requires divalent cations bound to the interface of the subunits to stabilize the R-state [20,23].

The transition of the oxygen saturation of each subunit revealed that the correlations between the subunits in the dimer
subassemblies of V2HD are weaker than those observed in O/iHb. Thus, the quaternary changes at the interfaces of the
dimer subassemblies would have little effect on the allosteric oxygen dissociation. A possible explanation of the allosteric
mechanism is that the structural change in the AB loop is weakly transmitted into the tetramer subassembly. This
hypothesis is supported by the fact that the AB loops and the adjacent A- and B-helices of each of the four subunits are in
contact with each other in the tetramer subassembly, and the rearrangements of the bulky sidechains at the AB loops
mediate the conformational changes of the E helices, causing the protrusion of Val E11, which is responsible for the
oxygen affinity [11].

Diagrams of the transition of the oxygen saturation of A1, A2, B1, and B2, which together form a tetrameric subassembly,
are different from those of A1°, A2’, B1’°, and B2’, which form a different tetrameric subassembly (Figure 3C), despite
the fact that these two tetrameric subassemblies are equivalent to each other in the 24meric D3 symmetry of V2Hb. The
lack of the inter-subunit Ca?" ions binding between Al and A1’ may cause unrestrained behavior of the tetramer
subassemblies because the two symmetrically equivalent Ca?>" ions have been shown to ensure a quaternary change that
maintains rotational symmetry between the two tetramers [23].

The ternary and quaternary structural changes in V2Hb seem to follow the MWC two-state model, even with some local
perturbations. It should be noted that electron densities clearly demonstrate that the simultaneous mixture of the structures
of the R- and T-states in a crystal is not observed at all in V2Hb or O/iHb. That is, we found few data to support the KNF
sequential model [24], which is the alternative authentic model to explain the allostery of Hbs by independent
conformational change of each subunit (i.e. multi-step transitions).

Extended MWC models have been proposed by Yonetani et al. [25-27], and Shibayama ef al. [28]. The results of our
crystallographic studies could be understood without any conflict using these models. Yonetani et al. showed that even if
the structural transition between the R- and T-states is the same, the oxygen affinity and cooperativity can vary enormously
depending on the allosteric effectors, and on whether and how much the effectors stabilize the R- and T-states. The
significant difference in oxygen affinity between V2Hb and OliHb that is supported by the intermediate structure analyses
can be interpreted as the contribution of the allosteric effector of divalent cations. A series of studies of human Hb by
Shibayama et al. [29-31] have revealed a large number of structural variants of both the R- and T-states. Local
perturbations such as the protrusion of Val E11 or the quaternary structures of the tetramer subassembly observed in our
intermediate structures of V2HDb can be considered as structural variations within the R-state. Therefore, the results of our
analysis of V2Hb intermediate structures are consistent with the above results clarified mainly by analyses of human Hb.

Conclusion

We measured the oxygenation properties of V2Hb and demonstrated that remarkably higher oxygen affinity and
comparable cooperativity with those of OliHb, which is the same 24 meric giant Hb. We determined four oxygen
dissociation intermediate structures of V2Hb. Average oxygen saturations of 78%, 69%, 55%, and 26% were determined
by the occupancy refinement of the bound oxygen based on ambient temperature factors. The higher oxygen affinity of
V2Hb is confirmed by the fact that large ternary and quaternary structural changes occur in the latter stage of the oxygen
dissociation process. Our snapshots of the allosteric transitions of two giant Hbs, V2Hb and O/iHb, thus provide crucial
experimental evidence that the allosteric mechanism can be understood by the extensions of the MWC model.
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