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Common and unique strategies of myoglobin
evolution for deep-sea adaptation of diving mammals

Yasuhiro Isogai,1,5,* Hiroshi Imamura,2 Setsu Nakae,3 Tomonari Sumi,4 Ken-ichi Takahashi,3

and Tsuyoshi Shirai3,5,*

SUMMARY

Myoglobin (Mb) is highly concentrated in themyocytes of divingmammals such as
whales and seals, in comparison with land animals, and its molecular evolution has
played a crucial role in their deep-sea adaptation. We previously resurrected
ancestral whale Mbs and demonstrated the evolutional strategies for higher sol-
ubility under macromolecular crowding conditions. Pinnipeds, such as seals and
sea lions, are also expert diving mammals with Mb-rich muscles. In the present
study, we resurrected ancestral pinnipedMbs and investigated their biochemical
and structural properties. Comparisons between pinniped and whale Mbs
revealed the common and distinctive strategies for the deep-sea adaptation.
The overall evolution processes, gaining precipitant tolerance and improving
thermodynamic stability, were commonly observed. However, the strategies
for improving the folding stability differed, and the pinniped Mbs exploited the
shielding of hydrophobic surfaces more effectively than the whale Mbs.

INTRODUCTION

The thermodynamic stability and solubility of native proteins are closely related with their in vivo kinetics

and physiological functions in living cells. These properties of extant proteins have evolved to be optimal

for or not harmful to the survival of organisms. One of the best examples is myoglobin (Mb), which functions

in O2 storage in muscle tissues for aerobic exercise. Mb is highly concentrated in the tissues of deep-diving

animals, whereas its concentration is significantly lower in land animals (Dasmeh and Kepp, 2012; Davis,

2014; Davis and Kanatous, 1999; Helbo and Fago, 2012; Isogai et al., 2018; McGowen et al., 2014; McIntyre

et al., 2002; McLellan, 1984; Nery et al., 2013; Noren and Williams, 2000; Samuel et al., 2015; Shire et al.,

1975; Snyder, 1983; Velten et al., 2013; Wright and Davis, 2006). Thus, the diving capacity of mammals is

considered to be correlated with the Mb concentration in their myocytes.

Amino acid sequences of ancestral Mbs were predicted to have less positive ZMb values than the extant

diving mammals (Berenbrink, 2021; Dasmeh et al., 2013; Isogai et al., 2018; Mirceta et al., 2013; Romero-

Herrera et al., 1978). Wilkinson and Harrison (1991) investigated the relationship between amino acid

composition of natural proteins and their liability to form inclusion body and showed their average charge

magnitude was the most significant parameter determining the inclusion body formation (Wilkinson and

Harrison, 1991). Kuroda et al. (2016) have indicated repulsive Coulomb interactions were dominant in

ensuring high solubility, based on molecular dynamics (MD) simulation of artificial polypeptides (Kuroda

et al., 2016). Thus, the large positive charges of diving mammal Mbs are considered to cause electrostatic

repulsion among the Mb molecules, to prevent their precipitation, and to maintain the high protein con-

centration (Kuroda et al., 2016; Mirceta et al., 2013; Wilkinson and Harrison, 1991). However, a simple in-

crease of the protein solubility with an increase in the ZMb value has not been observed under normal buffer

conditions (Chan et al., 2013; Hojgaard et al., 2016; Kramer et al., 2012; Shaw et al., 2001).

We previously resurrected ancestral whale Mbs and confirmed that ZMb increased during their deep-sea

adaptation (Isogai et al., 2018). The Mbs of the common ancestor between toothed and baleen whales

(assumed to be a relative of Basilosaurus) and the further common ancestor between whale and land an-

imals (assumed to be a relative of Pakicetus) were synthesized. Their structures and biochemical properties,

including the stabilities and solubilities of themolecules, were investigated and compared with those of the

extant sperm whale Mb. Unexpectedly, the protein solubility in dilute buffer (log S0) decreased, rather than
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increased, along with the ZMb increase. On the other hand, the precipitant tolerance or solubility robust-

ness against a macromolecular precipitant (b) significantly improved with ZMb during the evolution.

The adaptation processes of mammal Mbs are thought to be generally common among the diving animals,

which independently evolved and returned to the sea (Isogai et al., 2018; Mirceta et al., 2013). Pinnipeds,

such as seals, sea lions, and walruses, are also expert diving mammals comparable with whales and have

Mb-rich muscles (Berenbrink, 2021; Dasmeh et al., 2013; Kooyman, 1989; Samuel et al., 2015). The leading

theory, based on paleontology and molecular biology, is that they evolved from a terrestrial Mustelid-like

form (Berta, 2018). The common ancestor between seals and sea lions is assumed to be an extinct genus of

a large pinniped, such as Enaliarctos mealsi (Figure 1), whose fossils have been recovered from late Oligo-

cene or early Miocene (ca. 24–22 million years ago) strata in North America (Berta et al., 1989; Poust and

Boessenecker, 2018). The further common ancestor between pinnipeds and Mustelidae is assumed to

be a walking seal, such as Puijila darwini, which lived during the late Oligocene and early Miocene epoch

(ca. 24–21 million years ago) (Flynn et al., 2005; Rybczynski et al., 2009).

The theory of a common strategy for the diving adaptation of Mbs among mammals, however, has not

been tested by biochemical experiments yet (Berenbrink, 2021; Dasmeh et al., 2013; Isogai et al., 2018;

Mirceta et al., 2013). A comparison of the evolutional process of pinniped Mbs with that of whales

would clarify the commonalities and differences in the strategies. In the present study, we resurrected

ancestral pinniped Mbs, aMbSe and aMbSp, which are assumed to be from the relatives of the fossil

species Enaliarctos mealsi and Puijila darwini, respectively. We investigated their structural and

biochemical properties and compared them with those of an extant elephant seal Mb (esMb) and ances-

tral whale Mbs.

Figure 1. Molecular phylogenic tree of Mbs from pinnipeds, land animal relatives, and inferred ancestors

The presented tree is a part of the entire tree consisting of Hbs, Mbs, and other globins. The positions of aMbSp and aMbSe are indicated on the

corresponding nodes. The illustrations of animals are shown for extant polar bear and elephant seal and for the fossil species Enaliarctos mealsi and Puijila

darwini. The horizonal scale bar indicates relative evolutionary distance of 0.02. The positions of the fossil species are not identified on the tree nodes. Credit

of the illustrations belongs to Satoshi Kawasaki. All rights reserved, used with permission.

ll
OPEN ACCESS

2 iScience 24, 102920, August 20, 2021

iScience
Article



RESULTS

Resurrection of ancestral pinniped Mbs

The amino acid sequences of the ancestral pinniped Mbs, aMbSe and aMbSp, were inferred based on

the molecular phylogeny of Mbs, Hbs, and other closely related globins known to date (Isogai et al.,

2018) and compared with that of the extant esMb, as shown in Figure 2. The aMbSe is an ancestral

Mb from the common ancestors of seals and sea lions and expected to be related to the early pinniped

Enaliarctos mealsi (Figure 1) (Berta et al., 1989; Poust and Boessenecker, 2018). The aMbSp is from a

further common ancestor of pinnipeds and Mustelidae, which is assumed to be a relative of the quad-

ruped land/semiaquatic animal Puijila darwini (Flynn et al., 2005; Rybczynski et al., 2009). Note that

the species, to which the ancestral Mbs belonged, might not be identified to be the fossil species.

The residues in the ancestral proteins were successfully deduced with the minimum 0.944 posterior prob-

ability (Figure 2B).

Five residue replacements, G57R, Q81H, V101I, D109E, and A127T, were deduced to have occurred during

the evolution from aMbSp to aMbSe (Figure 2). Furthermore, 13 residue replacements, Q8H, V13I, A19T,

K34R, G35S, E54D, K56R, K62R, Q116H, S117N, D122E, A144T, and Q152H, occurred during the evolution

from aMbSe to extant esMb (elephant seal). Consequently, a total of 18 residue replacements were

deduced during the evolution from a terrestrial ancestral seal to the existing elephant seal. The relative mo-

lecular masses (Mr), formal net charges, and formal pI values were calculated from the deduced amino acid

sequences, as shown in Table 1.

Figure 2. Posterior probability distribution and inferred amino acid sequences of ancestral Mbs

(A and B) Posterior probability distributions for the sites of aMbSp (A) and aMbSe (B) sequences. Horizontal and vertical axes show posterior probability bins

and fractional frequency of inferred sites, respectively.

(C) Amino acid alignment of the inferred esMb, aMbSe, and aMbSp sequences. Single-amino-acid substitutions are highlighted in blue, and residues

conserved in two of the three sequences are highlighted in light brown. Letters above the boxed sequences indicate canonical helices A-H.
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The two ancestral and extant elephant seal Mbs were synthesized in the holo-forms and purified to homo-

geneity (see STARMethods). The purification by size-exclusion chromatography and the subsequent small-

angle X-ray scattering (SAXS) analysis indicated that all of the Mb samples are essentially monomeric within

a broad range of Mb concentrations (see below). The atomic structures of the synthesized aMbSp, aMbSe,

and esMb were determined by X-ray crystallography to 1.5, 2.9, and 1.9 Å resolutions, respectively (Figure 3

and Table S2). The main chain structures were well conserved among the ancestral and extant Mbs, as in

those of the whale Mbs (Isogai et al., 2018).

MD simulations for 60 ns were executed for each of the pinniped Mbs based on the crystal structures, in

order to derive several parameters related to their structural dynamics. The solvent-accessible surface

areas (ASA), net surface charges (ZMb), isoelectric points (pI), SFEs (DGsolv), effective-energy changes

involved in structural fluctuations (dEeff/dRg), and mutational energy changes (DDGmut) were calculated,

based on the crystal structures and the trajectories of the MD simulations (Table 1). For dEeff/dRg, the en-

ergy landscape Eeff is provided by the effective energy for conformation i from the MD trajectories, Eeff,

defined as the sum of the intramolecular energy Ei
eff and the solvation free energy (SFE) DGi

solv. Thus,

dEeff/dRg represents the wideness of the basins on an energy landscape Eeff, as a function of the radius

of gyration Rg. TheDDGmut for each residue substitution and the contribution of the thermodynamic energy

terms to the mutational energy changes are shown in Figure S2.

Biochemical characterization of ancestral and extant pinniped Mbs

The solubilities of the synthesized Mbs were examined for the precipitant tolerance with polyethylene gly-

col (PEG) (Isogai et al., 2018; Kramer et al., 2012). The solubility dependence on the PEG-6000 concentra-

tion in the protein solution was measured at room temperature, as shown in Figure 4A. The relationship

between protein solubility (S) and precipitant concentration ([precipitant]) can be described by a linear

equation: log S = log S0 + b[precipitant], where log S0 is the y-intercept of the plot and b is the slope

(Kramer et al., 2012). S0 and b represent the solubility in dilute solution without precipitant and the precip-

itant tolerance, respectively (Table S3).

Log S0 increased during the evolution from aMbSp to aMbSe, but slightly decreased from aMbSe to esMb,

indicating that the solubility in a dilute buffer solution was increased during the early phase of evolution but

decreased during the last phase (Table S3). On the other hand, the precipitant tolerance (b) significantly

increased during the evolution from aMbSp to aMbSe and remained almost unchanged from aMbSe to

esMb, which was similar to the whale Mb evolution (Isogai et al., 2018).

Chemical denaturation experiments of the apoMbs with guanidine hydrochloride (GdHCl) were performed

to determine their thermodynamic stabilities, as shown in Figure 4B. The denaturation profiles were

analyzed by assuming the three-state transition (Barrick and Baldwin, 1993; Isogai, 2006; Isogai et al.,

2000), and the thermodynamic parameters were estimated for the folding reactions (Table S4 and

Table 1. Molecular properties of ancestral and elephant seal Mbs based on their sequences and X-ray crystallographic structures

Mb Mra
Formal

net chargesb Formal pIc ZMb
d (pH 7.0) pId DGsolv

e kcal/mol

dEeff/dRg
f

kcal/mol/nm

DDGmut
g

kcal/mol

aMbSp 17,125.5 +9 8.95 +1.92 7.65 �1745.5 G 20.2 1875.8 G 125.0 –

aMbSe 17,291.7 +11 9.30 +3.06 8.03 �1685.0 G 33.1 780.0 G 46.3 �14.0

esMb 17,533.9 +14 9.34 +4.50 8.24 �1661.0 G 14.2 484.1 G 62.6 �5.9

aRelative molecular masses of the apo-proteins, which were calculated from the amino acid sequences.
bFormal net charges were calculated based on the amino acid sequences, assuming that the charges of the positively charged residues, Lys, Arg, and His, and the

negatively charged residues, Asp and Glu, are +1 and �1, respectively.
cFormal isoelectric points were calculated based on the amino acid sequences, according to Skoog and Wichman (1986) (Skoog and Wichman, 1986).
dTotal net charges (ZMb) at pH 7.0 and isoelectric points (pI) were taken from the pH dependence of ZMb (Figure S1), which was calculated based on the X-ray

crystallographic structures according to Spassov and Yan (2008) (Spassov and Yan, 2008).
eThe solvation free energies were calculated based on the X-ray structures and the MD simulations, according to Sumi et al. (2015) (Sumi et al., 2015).
fSee Solvation free energy calculation in STAR Methods.
gThe mutational energy changes (DDGmut) were calculated based on the X-ray structures, according to Spassov and Yan (2013) (Spassov and Yan, 2013). The

values in each line are DDGmut for the residue replacements from the proximate ancestral Mb, i.e., the value of aMbSe is for the sum of the replacements on

aMbSp. The DDGmut for each residue replacement and the itemized energy terms are shown in Figure S2.
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Figure S3). The folding free energy from the intermediate state to the native state (DG1) and the total free

energy from the unfolded to the native state (DGfold) slightly decreased from aMbSp to aMbSe and signif-

icantly decreased from aMbSe to esMb. These results indicated that the folding stability mainly improved

during the late phase of the evolution.

We performed SAXS experiments with the pinnipedMbs to monitor their intermolecular interactions. TheMb

solutions at pH 6.8G 0.2 and concentrations from �38.0 to �1 mg/mL were irradiated with X-rays. The zero-

angle X-ray scattering, I(0), in the SAXS profile (Figure S4) decreased as the Mb concentration increased. This

indicates the ordering of the Mb molecules in solution by their mutual repulsion, which is quantified by the

second virial coefficient (A2) with Equation (4) (Figure 5I); a more positive A2 represents stronger repulsion.

A2 increased from aMbSp to aMbSe in the early phase of evolution, but decreased from aMbSe to esMb in

the late phase. This is in contrast to the case of whale Mb, for which A2 increased in both phases.

Analyzing the molecular parameters of ancestral and extant Mbs

Themolecular parameters of the ancestral and extant seal Mbs, as well as those of the whaleMbs (Isogai et al.,

2018), are plotted against the evolutionary distance (d) in Figure 5. These parameters were subjected to a prin-

cipal component analysis (PCA). All parameters except for d were applied, and the principal component (PC)

axes were defined, where the cumulative proportion of variance was 85% to the third axis, as in Figure 6A.

The first principal component (PC1) clearly defined the evolutionary process by separating theMbs of land/

semiaquatic (aMbSp, aMbWp, and horse Mb [hsMb]), shallow-sea adapted (aMbSe, aMbWb, and

Figure 3. Residue replacements of seal myoglobin during the evolution from the terrestrial animal to elephant seal

(A) The replaced residues are shown on the crystal structures of aMbSp (PDB code 7DDS), aMbSe (7DDT), and esMb (7DDU) from left to right. The structures

are superposed to each other. The canonical helices A-H are indicated on the structure of aMbSp.

(B and C) (B) Close-up views of the superposed aMbSp (light brown) and aMbSe (light blue) structures around the residue sites V101I and A127T, which have

been replaced from aMbSp to aMbSe. (C) Close-up views of the superposed aMbSe (light blue) to esMb (blue) structures around the residue sites V13I, A19T,

K34R, K56R, K62R, and A144T, which have been replaced from aMbSe to esMb. The electrostatic interactions/hydrogen bonds and cavity filling positions are

indicated with yellow dotted lines and red circles, respectively.
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aMbWb’), and deep-sea adapted (esMb and swMb) animals (Figure 6B). The eigenvectors indicted that

ZMb, pI, Mr, DGsolv, b, DGfold, and DG1 were the major contributors to PC1. These parameters were further

clustered into two groups by referring to the correlation between parameters (Figure 6A); DGfold, Mr, and

DG1 showed higher correlations with the evolutionary distance, indicating that they constantly changed

during the entire adaptation process, while ZMb, pI, and b and DGsolv mainly changed in the early phase

(Figure 5).

The PC2 visibly separated the pinniped and whale Mbs and thus conceivably defines the differences in

adaptation strategies between the major diving animal lineages (Figure 6B). The predominant contributing

parameters for PC2 were A2, Rg, ASA, and DG2 (Figure 6B), while b and DGfold also significantly contributed

to this axis. Although the meaning of PC3 was relatively ambiguous, this axis also appeared to define a spe-

cific strategy in the pinniped lineage, considering that aMbSp and aMbSe were distantly separated along

Figure 4. Solubility and stability of ancestral and extant seal Mbs

The values of aMbSp, aMbSe, and esMb are plotted in brown, sky blue, and blue, respectively.

(A) Solubility dependence of holo-forms of ancestral and elephant seal Mbs on the PEG-6000 concentration. Log solubility

values in mg/mL (S) are plotted against the precipitant concentration.

(B) Chemical denaturation profiles of apoMbs. The unfolded fractions estimated by the CD signal intensity at 222 nm are

plotted against the Gd-HCl concentration. The inset shows the DGfold (kcal mol�1) of the proteins.
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this axis. The dEeff/dRg, log S0, and DDGmut values were the major contributors for PC3 (Figure 6C). These

pinniped-whale discriminating parameters were clustered into two groups through correlation: the first

group consisted of dEeff/dRg, A2, log S0, and ASA and the second group contained Rg, DDGmut, and

DG2 (Figure 6A; see the major PC2 contributors colored by blue).

Distinctive strategies for pinniped and whale Mbs

Since Rg, dEeff/dRg, and ASA contributed to PC2 and PC3, this implied that the difference in the strategies

between pinniped and whale Mbs would be relevant to the structures and dynamics of the molecules.

Therefore, the MD trajectories were further analyzed by discriminating the conformations with lower

(<15.35Å) and higher (>15.45 Å) Rg values (Figure 7A). The most remarkable contrast between pinniped

and whaleMbs was found in theASAs separately evaluated for hydrophobic (ASAhydrophobic) and hydrophil-

ic (ASAhydrophilic) properties. As a general trend, ASAhydrophobic increased and ASAhydrophilic decreased dur-

ing the process of diving adaptation (Figures 7C and 7D). However, these changes were rather mild for the

Figure 5. Molecular parameters of ancestral and extant Mbs

The values of seal Mbs, aMbSp, aMbSe, and esMb, are indicated by light brown, light green, and blue triangles, respectively. Those of whale Mbs, aMbWp,

aMbWb’, aMbWb, swMb, and hsMb (Isogai et al., 2018), are also shown in light brown, light green, light blue, blue, and salmon squares, respectively. In all

plates, the horizontal axis is the evolutionary distance (d) of each Mb sequence from the extant swMb or esMb and the data points are those of the most

ancient to extant Mbs from left to right. The labels and units (except for dimensionless numbers) of the vertical axes are shown inset. (A) Positive net charge

(ZMb); (B) isoelectric point (pI); (C) solvation free energy (DGsolv); (D) solubility slope against precipitant (b); (E) relative molecular mass (Mr); (F) folding free

energy (DGfold); (G) folding free energy of the folded state relative to the intermediate state (DG1); (H) folding free energy of the intermediate state relative to

the unfolded state (DG2); (I) second virial coefficient (A2); (J) radius of gyration (Rg); (K) molecular surface area (ASA); (L) log of solubility (log S0); (M) effective-

energy changes involved in structural fluctuation (dEeff/dRg); (N) mutational folding energy changes (DDGmut).
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pinnipedMbs (aMbSp, aMbSe, and esMb). Remarkably, the ASAhydrophilic values in the higher Rg conforma-

tion for the pinnipedMbs were nearly constant during the evolution or decreased and became smaller than

the whale Mbs, indicating that the hydration effects on the softness and flexibility of the native conforma-

tions would be kept at a higher level than those of the whale Mbs (Figure 7D). This suggests that a relatively

high ASAhydrophilic and low ASAhydrophobic are favorable for increasing the wideness of the basins on an en-

ergy landscape and thus might explain the decrease of the relatively high dEeff/dRg of aMbSp to a value

comparable with those of other Mbs during the evolution from aMbSp to aMbSe (see Figure 5M).

The observed stability of ASAhydrophilic might also be related to the improved solubility of aMbSe,

regarding the high correlation between log S0 and dEeff/dRg (Figures 5L, 5M, and 6A). This high affinity

for water protects the direct favorable interactions between Mbs and also enhances the softness and flex-

ibility of the Mb molecules. This analysis also demonstrated that the intramolecular interactions increased

Figure 6. Principal component analyses of molecular parameters of ancestral and extant Mbs

(A) Clustering of the Mb molecular parameters (as shown in Figure 5) by the correlation coefficients. The heatmap indicates higher (red) to lower (white)

absolute values of the correlation coefficients between parameters. The eigenvectors for principal components (PC1 - PC3) are shown on the right, where the

CP row shows the cumulative proportion of variance. The parameters are colored red (major PC1 contributors), blue (major PC2 contributors), or green

(major PC3 contributors). The dendrogram on the left indicates a hierarchical clustering of the parameters. The pinniped Mbs (aMbSp, aMbSe, and esMb),

whale Mbs (aMbWp, aMbWb’, aMbWb, and swMb), and horse Mb (hsMb) are distributed (same notation as in Figure 5) over the biplots for (B) PC1 - PC2 and

(C) PC1 - PC3. The loading of each parameter to the principal axes is indicated as overlaid arrows, colored as in panel (A). The scales on left and bottom of the

plots are the scores of the proteins for corresponding principle axis, and those on right and top are the factor loadings of the variables.
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during the diving adaptation process for both the pinniped and whale Mbs (Figures 7E–7G). Remarkably,

the number of ion pairs and van der Waals (vdW) contacts in aMbSe increased in the early phase (from

aMbSp to aMbSe) to a level comparable with that of swMb.

An inspection of the hydrophobic/hydrophilic surface areas on the lower and higher Rg conformations of

esMb and swMb revealed that the hydrophobic patches in the higher Rg model of swMb were more signif-

icant than those in the esMb model (Figure 8). The shielding of the hydrophobic areas in the esMb model

was mainly achieved with 8 hydrophilic residues, including the G57R, Q81H, and D109E substitutions from

aMbSp to aMbSe, the A19T substitution from aMbSe to esMb, and K16 and E27, which interact with the

substituted residues (Figure 3C). Thus, the hydrophilic residues (side chains) obtained during the diving

adaptation process are used for shielding the hydrophobic surfaces in the higher Rg structures.

DISCUSSION

The main experimental and computational data obtained here are summarized, along with those for the

whale Mb evolution (Isogai et al., 2018), as shown in Figures 5 and 6. The isoelectric point (pI), net surface

charges (ZMb), solubility slope or precipitant tolerance (b), and SFE (DGsolv) for both the pinniped and whale

Mbs showed similar patterns of changes, which significantly increased during the early phase of the

Figure 7. Rg, ASA, and intramolecular interactions in higher and lower Rg models of ancestral and extant Mbs

(A) The Rg values of the snapshot models in the MD trajectories are box-plotted for aMbWp, aMbSp, aMbWb’, aMbWb, aMbSe, swMb, esMb, and hsMb

(marks are placed at median points, with the same notation as in Figure 5). The regions of lower (<15.35 Å) and higher (>15.45 Å) Rg are shown in light green

and light blue, respectively. The values of (B) total; (C) hydrophobic; and (D) hydrophilic ASAs and the numbers of (E) hydrogen bonds; (F) ion pairs; and (G)

van der Waals (vdW) contacts are separately box-plotted for lower (<15.35 Å, left, at start point of red arrow) and higher (>15.45 Å, right, at endpoint of red

arrow) Rg models of aMbWp, aMbSp, aMbWb’, aMbWb, aMbSe, swMb, esMb, and hsMb, from left to right in each panel.
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evolution and remained relatively constant during the late phase. It is well known that b depends primarily

on attractive interactions between protein molecules caused by crowding agents, which could be ex-

plained by the Asakura-Oosawa (AO) theory (Asakura and Oosawa, 1954). According to the AO theory,

the volumes of the protein and the crowding agent determine the magnitude of b (Atha and Ingham,

1981); therefore, in this study, none of the variations in the volumes of the Mbs and the crowding agent

(PEG-6000) should contribute to the present variation of the b values in the Mb evolution. Alternatively,

the correlation of b with ZMb can be explained by electrostatic repulsion between Mb molecules

with the dielectric property of PEG solutions. The positively charged amino acids that were introduced dur-

ing the evolution from aMbSp to aMbSe, namely, G57R and Q81H, did not participate in the remarkable

intramolecular interactions in the crystal structure (Figure 3). This observation might support the major

role of the increased ZMb in the intermolecular interactions.

In the previous study on whale Mbs, b and log S0 showed coherent movements during the evolution (Isogai

et al., 2018). In contrast, the present study on the pinniped Mbs revealed that the behaviors of b and log S0
had deviated, and b was highly correlated with ZMb. However, the correlation between log S0 and ZMb was

not clear, suggesting that the improvement of the precipitant tolerance (b) was rather important in the early

phase of diving adaptation (Figures 5D and 5L). It is also possible that the tolerance was obtained not only

for the crowding of cognate Mbs but also for other precipitant agents because a vast number of molecules

interact with Mb in vivo (Fulton, 1982; Luby-Phelps, 2000).

In addition, we found a high correlation between b and DGsolv: the larger the DGsolv was, the larger the b

was (Figures 5C, 5D, 6B, and 6C). In other words, the Mbs without preferred hydration are less apt to pre-

cipitate. The crowding effects could yield not only attractive interactions (the AO theory as noted earlier)

but also repulsive interactions between proteins. The latter repulsive interactions are caused by energet-

ically favorable interactions between the protein of interest and crowders (Bloustine et al., 2006). Thus, the

observed sedimentation of Mb molecules resulted primarily from the entropic depletion effect by the AO

theory and was modulated by the repulsive charge interactions between Mbs with ZMb and the effective

repulsive interactions betweenMbs by theMb-PEG attraction. During the evolutionary stages, the increase

in nonpolar interactions of Mb-PEG due to the increase in ASAhydrophobic (Figure 7C) and the decrease in

the hydration of Mb due to the decrease in ASAhydrophilic (Figure 7D) would both be responsible for the

improvement of the precipitant tolerance b, although they might reduce log S0. Therefore, the opposing

Figure 8. Hydrophobic/hydrophilic ASA patches on swMb and esMb models

Hydrophobic (orange) and hydrophilic (light blue) surface patch distributions on typical snapshots of lower (bottom) and higher (top) Rg models of swMb and

esMb. The Rg values are indicated for the models in front views on the left, and the rear views of the same models are on the right. Red ellipses indicate the

remarkable hydrophobic patches, which are different between swMb and esMb, in the higher Rg conformations, and the residues contributing to these

patches are indicated. The residues substituted during the diving adaptation process or those interacting with the substituted residues are shown in blue.
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strategies were needed to improve log S0 and b, respectively. In fact, the pinniped Mbs, which gained an

improved log S0 during the evolution, had a smaller improvement of b than the whale Mbs, while the whale

Mbs, which gave up the improvement of log S0, had a larger gain in b (Figure 5).

The folding stability DGfold andmolecular massMr for both the seal and whale Mbs slightly increased in the

early phase and significantly increased in the late phase (deep-sea adaptation) (Figures 5 and 6), possibly

by the formation of hydrogen bonds and/or salt bridges (K34R, K56R, and K62R in the late phase) and van

der Waals contacts (V101I and A127T in the early phase, V13I, A19T, and A144T in the late phase) near the

protein surface by the replacements of small residues with larger ones (Figures 3 and S2). These parameters

defined the common strategy in the late phase adaptations for pinniped and whale Mbs and are basically

consistent with the previous conclusion obtained for whale Mbs (Isogai et al., 2018).

The present study quantitatively compared the diving adaptation strategies between pinniped and whale

Mbs, and the PC analysis highlighted the contributions of the parameters dEeff/dRg, A2, log S0, ASA, Rg,

DDGmut, and DG2 to the difference. Our results indicated that the pinniped Mbs had evolved while

reducing the effective-energy changes involved in their structural fluctuations (dEeff/dRg). The decrease

of dEeff/dRg was slight for the whale Mb evolution. However, in pinniped Mbs, this parameter significantly

decreased to a level comparable with that of the whale Mbs in the early phase of evolution (Figure 5M). The

pattern of dEeff/dRg variations is similar to that of DDGmut (Figure 5N).

Analyses of the MD trajectories of the Mbs revealed that the decrease in dEeff/dRg resulted from the rela-

tively high retention of the hydrophilic surface area ASAhydrophilic in the pinniped Mbs under the high Rg

conformation. The dEeff/dRg characterizes the wideness of basins on an energy landscape, Eeff against

structural perturbation to increase Rg. Generally, an elastic motion or perturbation of a protein structure

increases both Rg and the exposed hydrophobic surface area. Because exposed hydrophobic surfaces

might causemolecular self-association, shielding of these surfaces should be one of the effective strategies

for increasing molecular solubility. The residues substituted from aMbSp to esMb significantly contributed

to shielding of the hydrophobic surfaces (Figures 3 and 8), and dEeff/dRg and the solubility log S0 are highly

correlated (Figure 6A).

In the previous study of whale Mbs, the strategy for the late phase was fold stabilization, which was indi-

cated by the decreased DGfold (Figure 5F) and the increased numbers of intramolecular interactions (Fig-

ures 7E–7G). This stabilization would also contribute to the prevention of hydrophobic surface exposure to

the solvent and other molecules. The shielding of hydrophobic surfaces detected in the present study

would be a strategy congruent with the fold stabilization to avoid molecular precipitation. This strategy

was more extensively adopted in the pinniped Mbs.

The dEeff/dRg also demonstrated higher correlation with the second virial coefficient A2 (Figure 6A). In the

previous study of whale Mb evolution, it was suggested that the increase in repulsive intermolecular inter-

actions (higherA2) was originated from surface entropy increment (Isogai et al., 2018). A substitution of flex-

ible surface amino acid, such as arginine, into smaller one, typically alanine, is one of the efficient strategies

to induce protein crystallization (precipitation), known as the surface entropy reduction (Cooper et al.,

2007; Derewenda, 2004; Derewenda and Vekilov, 2006). The amino acid substitutions in the opposite direc-

tion observed in the diving adaptation of Mbs are thought to suppress protein precipitation (He et al., 2021;

Romero-Herrera et al., 1978). The dEeff/dRg decrease implies a wider conformational space around the

native structure, within which conformational flexibility is expected to be high. The higher conformational

flexibility has been also suggested to induce the strongly repulsive short-range forces between protein sur-

faces (Israelachvili and Wennerstroem, 1990). This might result in stabilization of the monomeric state by

the surface entropy increment or the increase of conformational entropy against the polymeric states in

the pinniped Mb evolution.

The major strategies for the diving adaptation of Mbs revealed in this and previous studies are schemati-

cally summarized in Figure 9 (Dasmeh et al., 2013; He et al., 2021; Isogai et al., 2018; Mirceta et al., 2013). In

conclusion, a total of 18 residues were replaced on or near the protein surface of Mb, during the pinniped

evolution from the terrestrial ancestor to the deep-diving extant seal. The time range of the early phase of

evolution from the terrestrial (aMbSp) to the intermediate (aMbSe) is assumed to be�16 M years, from the

middle Eocene to the early Miocene with five residue replacements, and that of the late phase from the
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intermediate to the elephant seal (esMb) is estimated to be approximately 20 M years from the early

Miocene to the present, with 13 residue replacements. Over the entire evolution processes of both the

pinniped and whale Mbs, the pI, ZMb, b, and DGsolv parameters showed similar changes, i.e., mainly in

the early phase of the evolution. The fold stabilization was another common strategy adopted in the

late phase of evolution, as represented by the DG1 and DGfold parameters. This was accomplished by

increasing the intramolecular interactions in both the pinniped and whale Mbs. However, most probably,

the prevention from sedimentation or self-association was extensively achieved by shielding the hydropho-

bic patches on the molecular surfaces of the pinniped Mbs, thus highlighting the differences between the

two deep-sea adapted animals.

Hence, the resurrection of pinniped Mbs, along with whale Mbs, was quite helpful not only to elucidate the

common and essential molecular strategy but also to detect the applicable alternative strategies for diving

adaptation. The detected strategies appeared to be general, rather than specific to Mb molecules, and

would be applicable to a wide variety of proteins to improve their solubility.

Limitations of the study

In the present study, we have analyzed the various parameters and revealed their correlations during the

Mb evolution for the deep-sea adaptation of marine mammals. As an apparent limitation, however, not

every detected correlation has been experimentally tested and discussed in detail in the present study.

For example, the correlation between b with ZMb could be further theoretically and experimentally ex-

plained by electrostatic repulsion between Mb molecules with the dielectric property of PEG solutions,

which will be described elsewhere in detail. Thus, additional reports are required to complete a quantita-

tive view of diving adaptation of Mbs in molecular crowding conditions.
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Figure 9. Schemes for the diving adaptation strategies of Mbs

The four strategies of diving adaptation of Mb are shown with the changes (upward and downward arrows) of mainly contributing parameters.
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Bacterial and virus strains

Escherichia coli strain BL21(DE3) Takara Bio Cat#9126

Chemicals, peptides, and recombinant proteins

Isopropyl 1-Thio-b-D-galactopyranoside Nacalai Tesque Cat#06289-67; CAS: 367-93-1

Polyethylene Glycol #6,000 Nacalai Tesque Cat#10200-25; CAS: 25322-68-3

Profinity eXact pPAL RIC-Ready Expression Vector Bio-Rad Laboratories Cat#1563001

Profinity eXact� Purification Resin Bio-Rad Laboratories Cat#1563005

Ammonium sulfate Sigma-Aldrich Cat#7783-20-2; EC: 231-984-1

Tris(hydroxymethyl)aminomethane FUJIFILM Wako Pure Chemical Corporation Cat#207-06275; CAS: 77-86-1

N-(2-Hydroxyethyl)piperazine-N’-2-ethanesulfonic

Acid

Nacalai Tesque Cat#02443-05; CAS: 7365-45-9

PEG 1500 Sigma-Aldrich Cat#7783-20-2; EC: 231-984-1

Sodium malonate dibasic monohydrate Nacalai Tesque Cat# 21108-02; CAS: 26522-85-0

Boric acid FUJIFILM Wako Pure Chemical Corporation Cat# 021-02195; CAS: 10043-35-3

Imidazole Nacalai Tesque Cat# 19028-64; CAS:288-32-4

Tri-sodium citrate FUJIFILM Wako Pure Chemical Corporation Cat# 203-13605; CAS: 68-04-2

Di-sodium tartrate FUJIFILM Wako Pure Chemical Corporation Cat#197-13975; CAS: 6106-24-7

Methanol FUJIFILM Wako Pure Chemical Corporation Cat#057-00456; CAS: 64-17-5

2-Methyl-2,4-pentanediol FUJIFILM Wako Pure Chemical Corporation Cat# 137-08165; CAS: 107-41-5

Deposited data

Ancestral myoglobin aMbSp of Puijila darwini

relative (imidazol ligand) structure

This paper PDB: 7DDR

Ancestral myoglobin aMbSp of Puijila darwini

relative structure

This paper PDB: 7DDS

Ancestral myoglobin aMbSe of Enaliarctos

relative (imidazol ligand) structure

This paper PDB: 7DDT

Elephant seal myoglobin esMb structure This paper PDB: 7DDU

Sperm whale myoglobin swMb structure Isogai et al. (2018) PDB: 5YCE

Horse heart myoglobin hsMb structure Evans and Brayer, 1990 PDB: 1YMB

Ancestral myoglobin aMbWp of Pakicetus

relative structure

Isogai et al. (2018) PDB: 5YCG

Ancestral myoglobin aMbWb of Basilosaurus

relative structure

Isogai et al. (2018) PDB: 5YCH

Ancestral whale myoglobin aMbWb’ of

Basilosaurus relative structure

Isogai et al. (2018) PDB: 5YCI

Recombinant DNA

pPAL7-aMbSp This paper N/A

pPAL7-aMbSe This paper N/A

pPAL7-esMb This paper N/A

Software and algorithms

Nika Ilavsky (2012) https://usaxs.xray.aps.anl.gov/software/nika

IGOR Pro version 6.22A Wavemetrics https://www.wavemetrics.com
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by the

Lead Contact, Yasuhiro Isogai (yisogai@pu-toyama.ac.jp) and Tsuyoshi Shirai (t_shirai@nagahama-i-bio.ac.jp).

Material availability

Materials are available upon reasonable request.

Data and code availability

The atomic models for the ancestral and extant seal Mbs have been deposited at PDB and are publicly

available as of the date of publication. Accession numbers are listed in the key resources table. The present

manuscript did not generate any custom software. Any additional information required to reanalyze the

data reported in this paper is available from the lead contact upon request.

METHODS DETAILS

Prediction of ancestral Mb sequences

The pinnipeds’ ancestral sequences were calculated based on the sequence alignment andmolecular phy-

logeny previously used for the analyses of the whales’ ancestral Mbs (Isogai et al., 2018). Briefly, the amino

acid sequences were retrieved from the Genbank, Refseq, and UniProt databases, aligned with ClustalW,

and manually refined with the XCED program (Altschul et al., 1990; Kaminuma et al., 2010; Katoh et al.,

2002; O’Leary et al., 2016; Thompson et al., 2002). The constructed alignment contained a total of 2,449

sequences, including 266 Mbs, 2,152 Hbs, and 31 other globins. The phylogenetic tree was inferred with

the neighbor joining (NJ) method with the JTT matrix (Jones et al., 1992; Saitou and Nei, 1987).

The phylogeny and the alignment were subjected to a PAML analysis (Yang, 2007; Yang and Nielsen, 1998;

Yang and Rannala, 2006) (Figures 1, S2B, and S2C). The program codeml with the JTT matrix for the sub-

stitution rate matrix was used. Because the phylogeny contained a wide variety of species/molecules and it

suggested the constraints were largely varied over local trees, a model with the least prerequisite param-

eter was adapted. A uniform substitution rate over the sites was assumed by fixing the shape parameter a of

the gamma distribution for substitution rates. No molecular clock was assumed, and tree topology was

fixed to that of the initial tree. The distributions of the posterior probabilities of the sites in the ancestral

sequences are shown in Figure 2 and Table S1. No site showed posterior probabilities below 0.9, and

the lowest value was 0.944 for D109 of aMbSp.

For verification, a comparison of the ancestral sequences between the present and previous works was at-

tempted. Although no complete sequence was available in the published data, the charge-altering

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ClustalW Thompson et al. (2002) http://www.clustal.org/download/current/

XCED Katoh et al. (2002) N/A

PAML Yang (2007) http://abacus.gene.ucl.ac.uk/software/paml.html

MOSFLM Battye et al. (2011) https://www.mrc-lmb.cam.ac.uk/mosflm/

imosflm/ver740/downloads.html

PHENIX Adams et al., (2010) http://www.phenix-online.org/

MOLREP Vagin and Teplyakov (2010) https://www.ccp4.ac.uk/

COOT Emsley et al. (2004) https://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/

MolProbity Williams et al. (2018) http://molprobity.biochem.duke.edu/

Discovery Studio 2020 Biovia https://www.3ds.com/products-services/

biovia/products/molecular-modeling-

simulation/biovia-discovery-studio/
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substitutions, namely, G57R and Q81H from aMbSp to aMbSe and Q8H, Q116H, and Q152H from aMbSe

to esMb (Figure 3), were totally consistent with the previous reconstruction (Mirceta et al., 2013). The

sequence alignment and phylogeny data supporting the findings of this study are available from the cor-

responding author T.S. on request.

Protein synthesis and purification

The ancestral and extant elephant seal Mbs were synthesized from artificial genes encoding the entire pro-

tein sequences, which were predicted as described earlier and obtained from NCBI Reference Sequence:

XP_034843514.1, respectively. The DNA sequences were optimized for Escherichia coli expression. The

genes, cloned into a pUC vector, were purchased from FASMAC Co., Ltd., Japan. The cloning vector

was replaced with the expression vector pPAL7 (Bio-Rad Laboratories, Inc.), which contained a Profinity

eXact fusion-tag gene, according to the Bio-Rad instruction manual (Ruan et al., 2004). E. coli strain

BL21 (DE3) was transformed with the vector DNA, and the recombinant proteins were synthesized by

expression under the control of the T7 promoter in Terrific broth (TB) medium, in cells induced by the addi-

tion of isopropyl-b-D-thiogalactopyranoside (IPTG) and hemin at 30�C. The harvested cells were disrupted

by intense sonication at 4�C, in buffer containing 0.2 M sodium phosphate (pH 7.0) and 0.5%

b-mercaptoethanol.

The synthesized protein with the affinity tag was extracted from the cell lysate by repeated centrifugation

steps and purified by affinity chromatography on Profinity eXact resin (Bio-Rad Laboratories, Inc.). The af-

finity-tagged Mb was digested on the column, and the targeted Mb with the native N-terminal sequence

was eluted with buffer containing 0.1 MNaF and 0.1 M sodium phosphate (pH 7.0), after washing with 0.2 M

sodium phosphate buffer (pH 7.0). The protein was finally purified by size-exclusion chromatography, in

50 mMHEPES-NaOH (pH 7.0) and 200 mMNaCl, on a Superdex 75 Increase 10/300 GL column (GE Health-

care). The resultant solution was concentrated with an Amicon Ultra-4 centrifugal unit, after dialysis against

buffer suitable for the next experiment. The protein identities were verified bymatrix-assisted laser desorp-

tion time-of-flight (MALDI-TOF) mass spectrometry. Their apo-forms were prepared from the holo-proteins

by the acid-butanone method, as described previously (Wittenberg and Wittenberg, 1981). The protein

concentrations of the met and apo-forms in an aqueous solution at pH 7 were determined spectrophoto-

metrically, using ε409 = 157,000 M-1 cm-1 and ε280 = 15200 M-1 cm-1, respectively (Antonini and Brunori,

1971).

As shown in Figure 2B, the synthesizedMb sequences had N-terminal methionine, whereas naturally occur-

ringMbs from animal skeletal muscle lack themethionine residue. These sequence differences are possible

to affect functional and chemical properties. However, these properties of recombinant Mbs were indistin-

guishable from those of corresponding natural Mbs (Dodson et al., 1988; Guillemette et al., 1991; Scott

et al., 2000; Springer and Sligar, 1987). Thus, we assumed that the recombinant Mbs synthesized here

have properties identical to those from the natural products.

Crystal structure analyses

The structures of the extant and ancestral pinniped Mbs were determined by X-ray crystallography. The

crystals were grown by the hanging drop vapor diffusion method. The esMb crystals were obtained under

conditions using 3.1 M ammonium sulfate and 5.5% (w/v) PEG3350 in a 0.5-mL reservoir and a hanging drop

mixture of 0.5 - 1.0 mL of reservoir solution and 1 mL of protein solution in 50 mM Tris-HCl (pH 8.0) buffer,

containing 1 - 2% (w/v) protein. The crystals of aMbSp were obtained under conditions with 25% (w/v) PEG

1500 inMIB buffer (20mM sodiummalonate dibasic monohydrate, 30mM boric acid, and 30mM imidazole,

pH 5.0) (imidazole-ligand structure) or 1.6 M tri-sodium citrate for the reservoir. The crystals of aMbSe were

obtained under conditions using 2.5 M ammonium sulfate, 80 mM di-sodium tartrate, and 4% (v/v) meth-

anol in MIB buffer (20 mM sodiummalonate dibasic monohydrate, 30 mMboric acid, and 35mM imidazole,

pH 9.0) for the reservoir. All crystals were grown at 18�C for a few weeks.

X-ray diffraction data were collected from loop-mounted crystals under cryogenic conditions, using an

EIGER4M (Dectris) detector at BL26B2 or a Quantum315r (ADSC) CCD detector at BL38B1 in SPring-8

(Hyogo, Japan). The crystals were soaked for 10–30 s in the corresponding crystal growth buffer, containing

15% (v/v) 2-methyl-2,4-pentanediol (MPD) for cryoprotection. TheMOSFLM programwas used for process-

ing the diffraction images (Battye et al., 2011).
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The Phaser-MR application of PHENIX or MOLREP in the CCP4 suites were used to solve the crystal struc-

tures by the molecular replacement method (Adams et al., 2010; Vagin and Teplyakov, 2010), and the struc-

tures were refined by using COOT and the phenix.refine application of PHENIX (Adams et al., 2010; Emsley

et al., 2004). The quality of the models was evaluated with the MolProbity program (Williams et al., 2018).

The crystallographic parameters, data collection and refinement statistics, and PDB codes are summarized

in Table S2. The atomic coordinates and structure factors of imidazole-ligated aMbSp, aMbSp, aMbSe, and

esMb have been deposited in the Protein Data Bank, with the accession codes 7DDR, 7DDS, 7DDT, and

7DDU, respectively. The UCSF-CHIMERA was used for preparing molecular graphics (Pettersen et al.,

2004).

Molecular dynamics simulations

The AMBER12 package with the ff99SB force field for proteins and an amber-compatible force field for O2-

bound heme were used for the MD simulations of the Mbs (Arcon et al., 2015; Case et al., 2012; Hornak

et al., 2006). The crystal structures of the Mbs determined in this study were used as the starting structures

by modeling the ligand O2 molecules.

The tautomeric states of the His residues at neutral pH were inferred by using the protonate3D function in

the Molecular Operating Environment software (Chemical Computing Group). The His residues were pro-

tonated as follows: His12, 48, 64, 82, 97, 113, 116, and 119 in HIE form (protonated at Nε2 atom); His24, 81

and 93 in HID form Nd1 (protonated at Nd1 atom); and His36 in positively charged HIP form (protonated at

Nd1 and Nε2 atoms). All other residues and both termini of the proteins were considered in their standard

protonation state at pH 7. The net charges of Mb in the holo-form were +1, +1, +1, and�2, and those in the

apo-form were +3, +3, +3, and 0, for aMbSp, aMbSe, esMb, and hsMb, respectively. Na+ or Cl� ions

were added to neutralize the simulation system. The solvent was explicitly considered with a truncated

octahedral box of a TIP3P water model, with periodic boundary conditions. The box size was set so that

the minimal distance from the protein atoms to the box faces was 10 Å. The particle-mesh Ewald method

was used to treat the long-range electrostatic interactions by exploiting the periodic boundary conditions

(Darden et al., 1993). The solvated systems were energy-minimized and then heated to 298 K and

equilibrated.

First, the energy minimization was performed for 1,000 cycles with the heavy atoms restrained with a

force constant of 500 kcal mol-1 Å-2, followed by 2,500 cycles without any restraints. Then, the heating

from 0 to 298 K was performed under the heat bath coupling algorithm for temperature control with a

time constant of 1 ps, in a 20-ps MD calculation at constant volume with the Mb atoms restrained by a force

constant of 10 kcal mol-1 Å-2 (Berendsen et al., 1984). The system was then subjected to an 80-ps MD calcu-

lation at constant temperature (298 K) controlled by Langevin dynamics with a collision frequency of 2 ps-1

and constant pressure (1 bar) controlled by isotropic position scaling with a relaxation time of 1 ps, with the

same restraints on the Mb atoms. Finally, a 60-ns MD calculation with the same controls for constant tem-

perature and constant pressure (the NTP ensemble) was performed after releasing all of the restraints, and

the last 50-ns trajectory (snapshot coordinates of the system, sampled every 5 ps) was used for the data

analyses. The tools in the AMBER package were used to calculate the radius of gyration (Rg), the RMSD

(root mean square deviation) from the starting structure, the number of hydrogen bonds between Mb

and water, and the conformational energy of Mb. The ASAs of themodels in the trajectories were evaluated

by an in-house program based on the Shrake-Rupley algorithm (Shrake and Rupley, 1973). The hydropho-

bic (ASAhydrophobic) and hydrophilic (ASAhydrophilic) ASAs were the sums of the areas belonging to carbon

and hetero atoms, respectively.

SFE calculations

The reference-modified density functional theory (RMDFT) was applied to calculate the SFE for the Mbs in

the same manner as our previous work (Isogai et al., 2018; Sumi et al., 2015, 2016, 2018). To calculate the

site-density distribution functions of water around the Mbs that were used in the RMDFT, the three-dimen-

sional reference-interaction-site-model (3D-RISM) integral equation with the Kovalenko-Hirata (KH) closure

(Kovalenko and Hirata, 1999) was used. To prepare the site-site direct correlation functions for bulk water

and for the reference hard-sphere fluid, the one-dimensional (1D) RISM integral equation with the KH

closure (Kovalenko and Hirata, 1999) and the effective-density approximation (EDA) integral equation

(Sumi and Sekino, 2008) were respectively applied.

ll
OPEN ACCESS

iScience 24, 102920, August 20, 2021 19

iScience
Article



For the 1D-RISM and EDA calculations, 0.00125 Å and 32,768 were used as the grid spacing and the number

of grids, respectively. The number density of water and the temperature used in all the calculations were

0.033329molecule/Å3 and 298 K, respectively. The 3D-RISM integral equation calculations were performed

using a grid of 2563 points in an 80 Å3 cubic cell and accelerated by graphics processing units (GPUs) (Mar-

uyama and Hirata, 2012). The SFE was determined by the following equation using 10,000 conformations of

each Mb, which were provided by the MD simulations:

DGsolv = CDGi
solvD� kBTlnCexp

�� �
DGi

solv � CDGi
solvD

��
kBT

�
D; (Equation 1)

where DGi
solv is the SFE for conformation i, CD is the ensemble average over the conformations, kB is

the Boltzmann constant, and T is the temperature. In Equation (1), the first term is the simple

average of DGi
solv and the second term yields the fluctuation effect on DGsolv due to the conformation

fluctuations.

Here, we defined the effective energy Ei
eff = Ei

intra +DGi
solv, where Ei

intra is the intramolecular energy for

conformation i of the protein. It is noted that Ei
eff provides a Boltzmann distribution of the conformation

i for a protein in water. To characterize the fluctuation of Ei
eff , we determined the derivative of Ei

eff as a func-

tion of the radius of gyration Ri
g using least squares fitting to four blocks of 2,500 conformations and

obtained their average as dEeff=dRg. A positive value of dEeff=dRg indicates the rigidity of the protein struc-

ture around stable basins, and thus, a smaller positive value of dEeff=dRg represents the greater flexibility of

the protein structure around the basins.

PEG sedimentation analyses

The Mb solubility was measured in the presence of a precipitant PEG-6000. The purified holo-Mbs were

first solubilized at 1.8�4.6 mM in 10 mM HEPES-NaOH (pH6.8) and 10�40% PEG-6000. The

samples were equilibrated for 2 hours at a room temperature and were centrifuged at 20,0003g for

30 min to remove the precipitant. The visible absorption spectra of the supernatants were measured

using a Nano Drop spectrometer, and the Mb concentrations were determined by using an ε409nm

of 157000 M-1 cm-1 (Walenta, 1985). The Mb concentrations or solubilities (S) were plotted

against the PEG concentration. The solubility dependence on the PEG concentration was analyzed

by assuming

Log S = Log S0 + b ½precipitant�; (Equation 2)

where S0 and b are the solubility in the absence of precipitant and the dependence of S on the precipitant

concentration, respectively (Figure 4A) (Kramer et al., 2012). We have confirmed that b and Log S0 did not

depend on the initial Mb concentrations used here because these values were determined by the solubil-

ities in the presence of the precipitant at the concentrations, under which the S values were less than the

initial Mb concentrations.

Small-angle X-ray scattering

The SAXS experiments were performed at the beamline BL-10C, in the Photon Factory (PF) of the High En-

ergy Accelerator Research Organization (KEK), Tsukuba, Japan. The purified Mb solutions were dialyzed

against a 2 mM HEPES–NaOH buffer solution (pH 6.8) at 4�C for one day. The dialyzed Mb solutions

were concentrated to �3–5 mM and then centrifuged to remove the precipitates. The Mb solutions

were diluted to the desired concentrations at a pH of 6.8 G 0.2 and irradiated with an X-ray wavelength

l = 0.15 nm (camera length of 1 m) for 2 s in a cell with quartz windows, using a sample-flow system

(�14.5 mL/min) at 20 G 0.1�C. X-ray intensities were recorded using a PILATUS3 2M detector (DECTRIS

Ltd., Switzerland). A total of 30 images were collected for each condition, and the circular 1D averaging

of the images was performed using the program Nika (Ilavsky, 2012).

The scattering parameter q = |q| = 4psinq/l, where q is the scattering vector and 2q is the X-ray scattering

angle, which in this experiment was 0.01–0.6 Å-1. The scattering intensity was corrected by the intensity of

the incident light and the transmittance of the X-rays. The absolute scattering intensity of the protein (I(q))

was determined as

I(q) = [IS(q) – (1 – cpv)IB(q)]/f, (Equation 3)
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where cp is the protein concentration (g/cm3), v is the specific volume of the solute (0.7425 cm3/g), and f is

the correction factor to convert the observed intensity in arbitrary units to the absolute intensity in units of

cm-1. The procedure was detailed in the study by Isogai et al., 2018.

The absolute scattering intensity of the protein (I(q)) was extrapolated to the absolute scattering intensity

I(0) at q = 0. The I(0) value is related to the second virial coefficient A2 by

I(0) = kMcp / (1 + 2A2Mcp), (Equation 4)

where M is the molecular weight of the protein and the k value is equal to v2(rm – rsolv)
2/NA. NA is Avoga-

dro’s number, and rm – rsolv is the electron density difference between the protein and the solvent (typically

2.8 3 1010 cm-2) (Goldenberg and Argyle, 2014; Zimm, 1948).

Folding stability analyses

Thermodynamic stabilities of the synthesized Mbs in the apo-forms were measured by chemical denatur-

ation experiments with guanidine hydrochloride (Gd-HCl). Each apoMb solubilized in 50mMHEPES-NaOH

(pH 7) at 5 mM protein was denatured by the addition of Gd-HCl, and the signal intensity of circular dichro-

ism (CD) at 222 nm was monitored at 20�C and was plotted against Gd-HCl concentration. The denatur-

ation profile was analyzed using a theoretical curve derived from the three-state transition model (Barrick

and Baldwin, 1993), according to Isogai, (2006), Isogai et al. (2000). The theoretical curve was fitted to the

observed denaturation data to obtain the thermodynamic parameters DG1, DG2, m1 and m2. The sum of

DG1 and DG2 (DG1+2 =DG1+ DG2) gives the free energy change from the unfolded state to the folded state.

Data analyses

The PCA and clustering of the parameters were executed by using the R package (Team, 2007). All param-

eters except for evolutionary distance (d) were applied to the prcomp function, with scaling for the PCA.

The parameters including d were subjected to clustering with the Ward method by referring to a matrix

of 1- |Rij|, where Rij is the Pearson product-moment correlation coefficient between parameters i and j.
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