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ABSTRACT

High energy consumption in the nervous system requires a continuous supply of O,. This role is assisted by
proteins from the globin super-family in the nerve cells of invertebrates, where ‘nerve hemoglobins’ (nHbs) are
mainly present at mM concentrations and exhibit oxygen affinities comparable to those of vertebrate myoglobins.
To gain insight into the structural bases of this function, we report the crystal structure of nHb from the Atlantic
surf clam Spisula solidissima (SsHb), previously suggested to display a bis-histidyl hexa-coordinated heme in the
deoxy state, high O affinity, and ligand binding cooperativity when assayed in situ. The crystallized protein
forms a dimer through packing of a 4-helix bundle involving helices E and F of each subunit. The SsHb ‘classic’
globin fold displays bis-histidyl (His71(E7) and His103(F8)) hexa-coordination of the heme-Fe atom, with
structural and dynamics variations found in the inter-helix hinge regions. Molecular Dynamics simulations of
both monomeric and dimeric species in the bis-histidyl hexa-coordinated, deoxy penta-coordinated, and O»-
bound hexa-coordinated states reveal distinct structural rearrangements at the interface between subunits in the
dimer; these would affect the magnitude of the conformational fluctuations observed between monomer and
dimer, and the topology of cavities within the protein matrix and at the interface. These results point to a distal
site opening mechanism allowing access of the exogenous ligand to the heme and cast hypotheses on the dimer
interface structural and dynamic properties that may support ligand binding cooperativity in dimeric SsHb.-

1. Introduction

Since the nervous system of most animals demands elevated energy

molluscs, arthropods, nemerteans, and nematode species [3,4].
Invertebrate nHbs are mainly present in glial cells and neurons
[5-8]; usually, they are expressed at high concentrations (mM) and

consumption, a continuous supply with sufficient O, must be granted to
avoid hypoxia and ensuing neuronal damages. The discovery of proteins
from the globin super-family in the nerve cells of mammals and other
vertebrates aroused much interest in their cellular functions, and thus in
potential biomedical implications [1,2]. Historically, however, “nerve
hemoglobins” (nHbs) were first observed in invertebrates, such as

exhibit moderate oxygen affinities, with Psq values comparable to those
of vertebrate myoglobins (Mbs) (Psg ~ 1-4 Torr) [9]. Indeed, during
temporary hypoxia, invertebrate nHbs have been shown to support O»
storage and/or transport to the highly metabolically active neurons
[3,4,10]. Spectral analyses revealed two different types of nHbs based
on the coordination at the heme-Fe atom. The nHbs of Aplysia spec.,

Abbreviations: 5c, penta-coordinated state; 6¢His, bis-histidyl hexa-coordinated state; 6¢O,, oxygenated state; Hbs, hemoglobins; hCygb, human cytoglobin;
LpHDII, Lucina pectinata HbII; Mbs, myoglobins; MD, Molecular Dynamics; MM/GBSA, Molecular Mechanics/Generalized Born Surface Area; MR, Molecular
Replacement; nHbs, nerve hemoglobins; r.m.s.d., root mean square deviation; r.m.s.f., root mean square fluctuation; SAS, Solvent Accessible Surface; SsHb,

S. solidissima nHb; SwMb, sperm whale Mb.
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A. aculeata and C. lacteus show a penta-coordinate heme geometry in the
deoxygenated species, as for vertebrate hemoglobins (Hbs) and Mbs,
whereas those of the bivalve Tellina alternata and Spisula solidissima are
hexa-coordinate (in addition to the proximal His(F8), the heme-Fe atom
is coordinated by distal His(E7) residue) and exhibit cytochrome b-type
absorption spectra [10-12].

The nHb from the Atlantic surf clam S. solidissima (SsHb) has been
extensively characterized biochemically and phylogenetically and can
be considered as a prototype for invertebrate hexa-coordinated nHbs
[10]. Phylogenetic analysis indicates that SsHb forms a common clade
with the mollusc Mbs and Hbs, but not with the vertebrate neuroglobin,
and consistently groups with the gill Hbs of the bivalve mollusc
L. pectinata [10]. SsHb optical and Resonance Raman spectral properties
are typical for ferrous low spin heme complexes with hexa-coordination
of the heme-Fe atom; a minor high spin component was also identified,
as for other bis-histidyl hexa-coordinated globins [13], in agreement
with formation of a small photodissociated fraction. Furthermore, two
SsHb CO coordination configurations were distinguished, with Fe-CO
stretching mode frequencies comparable to those reported for Mb
when (i) His71(E7) swings out of the heme pocket (open conformation)
and CO has weak interactions with the surrounding amino acids, or (ii)
the heme pocket is closed, due to the stabilization of CO by His71(E7)
[14].

The ligand binding rates for CO and O, are both quite high (7.5 x 107
and 13 x 10" M~ ! s7}, respectively), with O, showing the higher rate, as
generally observed for heme proteins [10]. The distal histidine associ-
ation rate is an order of magnitude higher than that observed for other
bis-histidyl hexa-coordinated globins; because of these elevated His
binding rates, there is significant overlap with the CO binding phase.
Indeed, after photodissociation, competitive binding of CO and the
endogenous protein ligand (distal His) takes place. At high CO levels,
one observes mainly a single phase of CO recombination. At lower CO
levels, His binding becomes competitive, and a second, more prominent
phase appears, the rate of the second phase corresponding to the rate of
His(E7) replacement by CO [10].

Kinetic and equilibrium measurements showed that recombinant
SsHb has a high O, affinity, with a Psg value of ~0.6 Torr, and that O5 is
bound in a non-cooperative manner as indicated by a slope (n) of ~1 in
the Hill plot. However, it has been shown that the Hill coefficient for
recombinant SsHb is dependent on the experimental conditions (tem-
perature and pH) attaining a value of 1.5 [15]; moreover, in situ mea-
surements on intact nerves, at higher protein concentrations, revealed a
Psp of 2.3 Torr and an n value of 2.1 [16]. The differences in Psg and n
values have been ascribed to in vivo SsHb association at the mM con-
centrations encountered in vivo, and/or to the existence of in vivo allo-
steric effectors that would lower oxygen affinity. Such behavior is in
contrast with non-cooperative O binding observed for the nHbs of other
invertebrates, such as A. aculeata, despite the homodimeric structure
observed by gel filtration [17]. While this suggests that the two identical
subunits are functionally independent in the latter nHb, the cooperative
behavior observed for SsHb in vivo may be consistent with heme-heme
interactions promoted by an oligomeric structure [16,17].

To shed light on such functional aspects, we set out to characterize
the SsHb three-dimensional structure, its bis-histidyl heme-Fe coordi-
nation and its oligomerization properties. The discovery of a dimeric
SsHb in the crystal structure here presented allowed us to focus on the
nature of interactions at the subunits interface, particularly regarding
the geometrical arrangement of the hemes, and on the crosstalk between
heme-propionates and protein residues to explore their potential roles
on the cooperative behavior reported for this globin in vivo. Further, the
structural and dynamical features of the monomeric and dimeric species
of the protein, in different ligated states (bis-histidyl hexa-coordinate,
deoxy penta-coordinate, Oy-bound hexa-coordinated), have been
examined by means of extended molecular dynamics (MD) simulations.
This analysis allows to disclose the structural features that may support
the hexa- to penta-coordination transition and association-dissociation
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of the dimeric SsHb.
2. Materials and methods
2.1. Crystallization and structure determination

Ferric SsHb was expressed and purified as described previously [10].
In brief, its cDNA was cloned into the expression vector pET3a. The
protein was expressed in E. coli BL21(DE3)pLysS cells, and purified by
using: (i) ammonium sulfate precipitation (40-90% saturation), from
which the 90% pellet was dissolved and dialyzed against 5 mM Tris-HCl,
pH 8.5, (ii) a DEAE-Sepharose fast flow column (step elution in 5 mM
Tris-HCl, pH 8.5, 200 mM NacCl), and (iii) a Sephacryl S200 gel filtration
column in 5 mM Tris-HCI, pH 8.5.

Suitable SsHb crystals were grown in hanging drops, against a
reservoir solution containing 2.5 M ammonium sulfate, and 50 mM so-
dium acetate (pH 5.5) at 277 K. X-ray diffraction data were collected to a
maximum resolution of 1.7 A at the ID-14-1 beamline of the ESRF syn-
chrotron source, Grenoble (France), using one cryo-cooled crystal (at
100 K). The collected intensities were reduced and scaled using
MOSFLM [18] and Scala [19]. SsHb crystals belong to the triclinic space
group P1, with cell constants a = 48.2 A, b =50.7 10\, c="74.2 10\, o=
75.7°, p = 88.1°, y = 85.3°, and an estimated solvent content of 48.8%
(v/v), accounting for four SsHb molecules per unit cell.

The 3D structure was determined by molecular replacement (MR)
using the program Phaser [20] as implemented in the CCP4 program
package [21]. The crystal structure of L. pectinata HbII (LpHbII; PDB
code 20LP) [22] was used as a monomeric search model considering
both the sequence coverage (91%) and sequence similarity (identity of
30%, and similarity of 56%) with the sequence of SsHb. In the MR
model, side chains were truncated to Ala in cases of mismatch between
the two amino acid sequences. Four MR solutions were found, with good
crystal packing. Several cycles of manual rebuilding, using the program
Coot [23], and refinement, using the program REFMAC (rigid body and
restrained refinement) [24], were carried out to improve the electron
density map. B-factors were refined isotropically. At the end of the
refinement stage, the final model consists of 603 protein residues (8-157
in chain A, and 8-158 in chains B—D), 908 water molecules, and 4
glycerol molecules (Fig. 1A, Table 1). Although the recombinant protein
was reported to be partially phosphorylated [10], no phosphorylated
residues are visible in the electron density map. This might suggest that
only the non-phosphorylated protein fraction was prone to crystallize or
that phosphorylation occurs at Ser159, the only phosphorylatable res-
idue in the regions not visible in the electron density map (1-7,
159-162) (Fig. 2). The quality of the refined model was checked with the
program Molprobity [25]. Data processing and refinement statistics are
reported in Table 1. The program PISA [26] was used to identify putative
quaternary assemblies within the crystal unit cell. Atomic coordinates
and structure factors have been deposited with the Protein Data Bank
[27], with entry code 80OUP (www.rcsb.org/pdb).

2.2. Molecular dynamics simulations

The dynamical behavior of the SsHb monomer and dimer was studied
by means of extended classical Molecular Dynamics (MD) simulations
focusing on the ferrous bis-histidyl hexa-coordinated (6cHis), penta-
coordinated (5¢) and the oxygenated (6cO2) heme states. The 6cHis
systems were built using the X-ray structure reported here for the AB
dimer of the SsHb structure (see above). The starting structures of the 5c¢
and 6¢O, forms were built by homology modeling using the SwissModel
webserver [28] and the crystallographic structure of oxygenated LpHbII
as template, similarly to that used for the MR model (see above). This
strategy was adopted to account for the structural rearrangements
triggered upon breakage of the heme-Fe—His71(E7) coordination bond,
particularly regarding potential shifts in helix E and the CD loop. The
classical MD simulations would thus provide structural information
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C-D region

Fig. 1. A) Ribbon representation of SsHb tertiary structure. Helices and residues are labelled according to the conventional globin fold nomenclature [40]. The E- and
F-helices are highlighted in green and yellow, respectively, the 31 helix in the CD hinge in magenta. Distal His71(E7) and proximal His103(F8), coordinated to the
heme-Fe, are shown in stick representation. B) 2Fo — Fc electron density map (cyan mesh), contoured at 1o, for the heme region, including the distal His71(E7) and
proximal His103(F8). C) Structural overlay of SsHb (colour code as in panel A) onto SwMb (wheat trace). Regions with low structural similarity are labelled. The
SwMb heme is not shown for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Data collection and refinement statistics.

Data collection

Spacegroup P1

Wavelength 0.93400 A

Resolution 49.0A-1.7A(1.79A-1.70 A)"
Cell parameters

a b 48.2A,50.7 A, 74.2 A
By 75.7°, 88.1°, 85.3°

N° of unique reflections 70,881 (10,388) *
Completeness 95.0% (94.8%) ”
Multiplicity 3.9 (4.0) *

1/o(D) 24.4 (11.9) *

Rmerge' 0.036 (0.120) *
Refinement

R-factor’ / R-free®
Protein residues
Average B factors

15.0% / 19.7%
603 (8-157 in chain A, 8-158 in chains B, C, D)
A: 18.8 A% B: 15.6 A% C: 18.0 A% D: 19.2 A?

Heme groups 4
Average B factors 16.5 A2
Water molecules 908
Average B factors 32.1 A2
Glycerol molecules 4
Average B factors 35.0 A2
r.m.s.d. from ideality:

Bond lengths 0.011 A
Bond angles 1.72°
Ramachandran plot:

Favored 100%
Disallowed regions 0%

# Values relative to the highest resolution shell are indicated in parentheses.

" Rimerge = Zn Zi | Ini- < Ip > | / Zn % Ini

$ R-factor = =y, ||Fobs| - |Featc|| / =h |Fobs|, with Fps being the observed and
Fcalc the calculated structure factor amplitudes.

$ R-free is calculated from 5% randomly selected data for cross-validation.

about the thermal fluctuations that can be sampled in the monomeric
and dimeric states of 6¢His, 5c, and 6cO; species. However, processes
such as the 6¢cHis—>5c transition, which imply the breakage/formation
of the bond between the heme-Fe and the imidazole NE2 of His103(F8),
would require the usage of computationally more demanding quantum
mechanical computations and will not be explicitly considered in this
study.

MD simulations were performed using AMBER20 package [29], the
ff19SB force field for the protein [30], and the heme parameters
developed previously [31,32]. The standard protonation state at

physiological pH was assigned to ionizable residues, and capping groups
were added due to the lack of precise structural information for the first
residues at the N- and C-terminus of the protein in the X-ray structure.
The simulated systems were neutralized and immersed in a pre-
equilibrated octahedral box of OPC3 water molecules [33]. The final
systems comprised the protein, around 10,000 water molecules, and 1 or
2 Na™' counterions (for monomeric and dimeric species, respectively) to
maintain charge neutrality, thus leading to simulated systems of ca.
30,000 and 40,000 atoms for the monomeric and dimeric chains,
respectively.

Simulations were performed in the NPT ensemble for equilibration
and the NVT ensemble for production runs [34,35]. The systems were
simulated with periodic boundary conditions and Ewald sums (grid
spacing 1 A) for treating long-range electrostatic interactions. The initial
system was minimized using a multistep protocol, which involves en-
ergy minimization of hydrogen atoms (2000 cycles of steepest descent
-+8000 cycles of conjugate gradient), then water molecules and coun-
terions, and finally all atoms in the system (4000 cycles for steepest
descent +1000 cycles of conjugate gradient in these two latter steps).
The system was thermalized from 0 to 100 K in 20 ps at NVT ensemble,
followed by four additional steps increasing the temperature from 100 to
300 K (50 ps/step) at NPT conditions. Finally, a last step of 5 ns was run
to equilibrate the density of the system at a constant temperature (300K)
and pressure (1 bar). The final structure of the equilibration process was
used as a starting point for MD simulations using the NVT canonical
ensemble. All the systems were simulated in duplicate, covering a pro-
duction time of 1 ps per replica. To check the convergence of the
dynamical behavior of the most flexible (5¢ and 6cO3) systems, MD
simulations were extended up to 2 ps per replica.

The structural stability was evaluated from the positional root mean
square deviation (r.m.s.d.) of selected atoms relative to the initial
structure, and fluctuations were assessed using the root mean square
fluctuation (r.m.s.f.) of protein residues. The analysis of inner cavities
was performed using MDpocket [36,37], which uses a fast geometrical
algorithm based on a Voronoi tessellation centered on the atoms and the
associated alpha spheres to detect cavities and channels in the protein
matrix. Analyses were performed using 10,000 snapshots taken equally
spread over the full trajectories. The minimum and maximum alpha
sphere radiuses were 2.8 A and 5.0 A, respectively. The identified
pathways were superposed in time and space and a density map was
generated from this superposition. Free cavities were then represented
by using 3D isocontours.

The dimerization free energy was estimated by using the Molecular
Mechanics Generalized Born Surface Area (MM/GBSA) method in
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SwMb  (1A6N) — A B H.c +—
SsHb (80UP) MADPCPVTKLTKAEKDAVANSWAALKQDWKT IGADFFVKLFETYPNIKAYF-KSEDNM- 57
ILpHbII (20LP) TTLTNPQKAAIRSSWSKEMDNGVSNGQGFYMDLE KAHPET LT PFKSLFGGL- 51
hCygb (1UTO) -ELSERERKAVOAMWARL YANSEDVGVAILVRFFVNE PSAKQYF S —QF KHME 67
*: . *: *: . . * . . H * * * *
SwMb  (1A6N) LD ¢ E | - | F 4+—
= = *x x =

SsHo (8OUP) DMSE TKQSPKLRAHS INFCHGLNSFIQSLDE PDV LV ILVQKLTVNHF R- RKT 108
ILpHbII (20LP) T LAQLODNPKMKAQSLVF CNGMSSFVDHLDDNDMLVVL IQKMAK LHNN - RGT 102
hCygb (1UTO] DPLEMER SPQLRKHASRVMGALNTVVENLHDPDKVS SV LALVGKAHALKHKV 119

e .. . * . * . .. . * . .
SwMb  (1AEN) l G | H —
SsHb  (80UP) AVDRFQEAFALYVS YAQDHAK--FDDF TAARWTK TLKVVADV IGGHMOTLQK SGGE 162
IpHbIT (20LP) RASDLRTAYDTL THYMEDHNH--MVGGAKDAWEVFVGF TCKTLGDYMKE LS — 151
hCygb (1UTO) EPVYFKTLSGVTLEVVAEEFASDFPPETQRAWAKIRGL TY SHVTARYKEVGW 171

*k :

Fig. 2. Structure-based sequence alignments of SsHb versus hemoglobin II from Lucina pectinata (LpHbII) [22], and human cytoglobin (hCygb) [43]. Sperm whale
myoglobin (SwMb) is taken as a reference for conventional secondary structure topological assignment (shown in the top line in wheat rectangles). Residues
belonging to helices are shaded in light yellow, with those of the SsHb 3, helix in dark yellow. Residues at topological position E7 and F8, relevant for heme-Fe
coordination, are highlighted in bold. Identical and similar residues are indicated by asterisk and colon, respectively. Residues at the dimerization interface are
underlined and those involved in polar interactions are indicated by a cross. PDB codes are in parentheses. In red Italics, SsHb residues not visible in the electron
density map. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

conjunction with the end-point approach. Accordingly, an ensemble of
250 snapshots were taken from the last 250 ns of the MD simulations
performed for the 6cHis, whereas a subset of 1,000 snapshots taken
along the last microsecond was used for the 5c and 6¢cO; states of the
SsHb dimer. The binding free energy was determined by substracting the
free energy of the separate subunits A and B (G,,Gg) to the free energy of
the dimeric species (Gap; Eq. (1)). Each term was estimated by
combining gas-phase and solvation contributions (Eq. (2)). The former
includes the Coulombic (AE¢y,) and van der Waals (AE,4y) interaction
energy between the atoms of the protein, and the latter combines the
electrostatic component of the solvation in water (AGgg), which was
determined using the Generalized Born method, and the non-
electrostatic component (AGsas), which was estimated by using the
relationship with the solvent-accessible surface (SAS) [38]. Since the
main aim was to compute the changes in the interaction (free) energy
between monomers for the distinct coordination states of the SsHb
dimer, the conformational entropy term associated in the dimerization
of the monomers was accounted for by means of Normal Mode Analysis
calculations, which were performed for a subset of 11 snapshots for the
6cHis species, and 21 snapshots for the 5c and 6cO; states, taken
regularly along the trajectories of the two replicas run for each system.
We note that the changes in the translational and rotational entropy
components roughly cancel out in the comparison of the different states
of dimeric SsHb. Solvent molecules and charged ions were deleted from
each MD snapshot. Calculations were performed using the python script
MMPBSA.py [39] using sander as implemented in AmberTools package
[29].

AGping = Gap — G4 — Gp @

AGping = AEyy +AGo) — TASonf
= AEcoy +AEvw +AGgp +AGsas — TAS o 2

3. Results and discussion
3.1. Quality of the model and overall structure

The structure of SsHb was solved on crystals belonging to the triclinic
space group P1 (four molecules per unit cell, referred to as A, B, C, and D,
respectively) by means of molecular replacement, based on the model of
LpHDII [22]. The SsHb structure was refined at 1.7 A resolution, to final
R-factor and R-free values of 15.0% and 19.7%, respectively, with ideal
stereochemical parameters (Table 1). No electron density is observed for
the first seven N-terminal residues, and for the last four C-terminal
residues (five, in chain A). Superposition of 150 Ca atoms (residues
8-157) of the four independent SsHb chains yields r.m.s.d. values
ranging between 0.14 A and 0.42 A; in particular, chains A and C show
the closest match, with an r.m.s.d. of 0.14 A. The only notable structural
differences are present for residues at the N- and C-termini, and in the
CD-E region (residues 52-69). However, all results discussed below
apply to all chains unless otherwise stated.

The SsHb protein structure matches well the three-over-three a-he-
lical sandwich fold of classical Hbs and Mbs, where the eight helices
building up the globin fold are conventionally labelled A through H,
according to their sequential order (Figs. 1A and 2) [40]. Structural
overlay of the SsHb structure on sperm whale Mb (SwMb; PDB code
1A6N) [41], taken as the prototypical globin structure, yields an r.m.s.d.
of 1.3 A (calculated over 145 Ca pairs). Compared to the classical globin
fold, however, SsHb displays a 31 helix turn in the CD loop region, the
E- and F-helices region (in particular, the F helix) is more extended, and
the GH hinge loop is shorter (Figs. 1C and 2). The structure of the E-F
region is crucial because the E and F helices host the distal and proximal
His residues (at topological positions E7 and F8, respectively) coordi-
nating the heme-Fe atom in the bis-histidyl hexa-coordinated form of the
protein (Fig. 1A,B), and because they are responsible for dimerization of
the protein (Fig. 3A) (see below). The PISA program [26] in fact iden-
tified the dimer formed by chains A and B within the crystal unit cell (or
by chains C and D) as a stable species (AG™ = —43.7 keal mol_l), with a
SAS buried after complex formation of 4294 A2, The AB and CD dimers
superimpose well, with a r.m.s.d. of 0.3 A, calculated over 300 Cu pairs.
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This dimer is defined as of the “EF-type” because it stems from the
formation of a sort of 4-helix bundle at the protein interface involving
helices E and F of the two subunits (Fig. 3A). The average distance be-
tween the heme-Fe atoms within the dimeric subunits is 17.6 A, and
because of the quaternary structure achieved their porphyrin ring planes
are almost orthogonal. Such relatively short inter-heme distance is a
feature characteristic of the EF-type globin dimers found in other
molluscan Hbs [22,42]. The dimer interface includes 17 residues from
each subunit (Fig. 2), six of which showing side chain hydrogen bonds/
salt bridges. In particular, in the AB dimer these side chain interactions
involve residues Arg69(E5)A-GIn84B, Arg69(E5)A-Glu88B, Asn74
(E10)A-Lys98(F3)B, His77(E13)A-His77(E13)B, His77(E13)A-GIn84B,
GIn84A-Arg69(E5)B, GIn84A-His77(E13)B, Glu88A-Arg69(E5)B,
Lys98(F3)A-Asn74(E10)B. In the CD dimer such interactions are
essentially conserved; little changes due to different orientations of
Lys30(B3)C and Arg69(E5)C side chains are observed, Lys30(B3)
replacing Arg69(E5S) in the interaction with GIn84.

3.2. Heme distal and proximal sites in 6¢His SsHb

One of the most evident features of the SsHb overall structure is the
bis-histidyl hexa-coordination of the heme-Fe atom, which is observed
in the crystal structure in agreement with expectations based on the
protein spectral properties [10]. His103(F8) and His71(E7) are the
proximal and distal heme-Fe ligands, respectively (Fig. 1A,B).

The proximal His103(F8) provides a coordination bond (2.0-2.1 ;\,
depending on the chain) through its NE2 atom to the heme-Fe atom; the
side chain imidazole ring is staggered relative to the heme pyrrole ni-
trogen atoms, being oriented toward the methinic bridge CHB and CHD
atoms of the porphyrin ring. The orientation of the His103(F8) side
chain is further stabilized, as often found in globins [44], by a hydrogen
bond between the histidyl ND1 atom and Leu99(F4) carbonyl oxygen
atom (2.8-3.0 A, depending on the chain). The proximal coordination
bond is orthogonal to the porphyrin plane, in accordance with the
conventional binding pattern of globins [44]. The SsHb distal site dis-
plays a coordination bond connecting the heme-Fe atom to the distal
His71(E7) NE2 atom, with a bond length of 2.0-2.1 A, depending on the
chain. The His71(E7) imidazole ring is almost perfectly staggered rela-
tive to the heme pyrrole nitrogen atoms, being oriented toward the
methinic bridge CHA and CHC atoms of the porphyrin ring; thus, the
distal and the proximal His imidazole rings display close to orthogonal
(~75°) relative azimuthal orientations.

The average heme (pyrrole)N-Fe distance is 2.0 A; the iron atom
appears well within the heme (pyrrole)N atoms plane, the Fe-His71(E7)
coordination bond being almost orthogonal to the heme plane. Besides
van der Waals contacts (about 60 < 4.0 Io\) with residues in the heme
crevice, heme binding to SsHb is stabilized by ionic interactions

Journal of Inorganic Biochemistry 246 (2023) 112289

Fig. 3. Quaternary structure: A) SsHb dimer
(coloured as in Fig. 1) and B) LpHbII dimer
(gray: PDB: 20LP, oxy form). For both glo-
bins, the EF-type dimer is shown with the
interface E- and F-helices labelled and col-
oured in green and yellow, respectively. The
colour of one of the two subunits within the
dimer is paler. The heme groups are shown
in red. The different rotation of the two
subunits in the SsHb and LpHbII dimers
orientation (~15°) is indicated in panel B.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

involving the porphyrin propionates. Indeed, the analysis of the heme
propionates in the four molecules of the asymmetric unit reveals a
certain degree of conformation variability, although some interactions
are fully conserved. On the proximal side, propionate A is engaged in a
bidentate salt bridge with Arg(106). Furthermore, in chains A and C
only, the propionate O1A atom is further stabilized by a H-bond with the
ND2 atom of Asn102(F7) of the facing partner in the dimer (chains B and
D, respectively). A further structural crosstalk between subunits of the
dimer is evident at the heme distal side, where propionate D (in
particular the OD2 atom) is H-bonded to the NZ atom of Lys98(F3) of the
partner chain in the dimer. In chain B, the OD2 atom is H-bonded to a
water molecule, instead. Of note, Lys98(F3) is always stabilized in its
orientation by a H-bond interaction between its NZ atom and Asn74
(E10) OD1 atom of the facing subunit within the dimer (Fig. 4). Inter-
estingly, a similar H-bond network is found in the heme cavity of LpHbII.
In particular, Argl00(F11) and Lys92(F3), corresponding to SsHb
Argl106(F11) and Lys98(F3), establish H-bonds with the propionates of
the heme group, and Lys92(F3) has been proposed as contributor to
LpHDbII dimer stability [22].

3.3. Structural homologs

A DALI analysis [45] reveals that SsHb 3D structure closely matches
the tertiary structures of other globins, in particular LpHbII (DALI Z-
score of 23.1, residue identity of 29%) [22], and human cytoglobin
(hCygb, DALI Z-score of 22.5, residue identity of 55%) [43]. The
structural matches of SsHb with LpHbII and hCygb are interesting since
LpHDII is a protein phylogenetically related to SsHb, sharing with it high
sequence similarity and a similar dimerization mode but is penta-
coordinated, while hCygb is the bis-histidyl hexa-coordinated globin
with the highest structural homology with SsHb. A backbone compari-
son among these Hbs highlights an excellent conservation of secondary
structure elements with an r.m.s.d. of 1.3 A calculated over 146 Ca pairs
for LpHbII (PDB code 20LP), and 1.4 A calculated over 149 Ca pairs for
hCygb (PDB code 1UTO) (Figs. 2 and 5).

The major backbone differences between SsHb with LpHbII are
localized in the CD loop, at the first N-terminal half of the E helix (res-
idues 52-69), and in the GH hinge (residues 128-133). The backbone
difference in the C-D-E region accounts for the different heme-Fe coor-
dination states of the two proteins (bis-histidyl hexa-coordinated in
SsHb vs Oo-bound in LpHDbII). In particular, distal coordination of SsHb
His71(E7) to the heme-Fe atom results in a shift of the N-terminal part of
helix E toward the heme of about 1.7 A compared to Oy-bound LpHbII,
and is achieved through a tilt of about 7° of the helix pivoting on its C-
terminal end (Fig. 5A). Tilting the E-helix from the hexa- to the penta-
coordinated location, to grant access of the exogenous ligand to the
distal site, would require some flexibility in the CD loop region
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Fig. 4. Heme pocket of 6cHis SsHb. The four chains
building the AB and CD dimers are shown in the four
panels. Key residues in the heme cavity are shown as
sticks, coloured as in Fig. 1, and labelled according to
their topological positions. Residues belonging to the
same dimeric partner are labelled in red with the
corresponding chain letter. Hydrogen bonds are
indicated with dashed lines. The heme group is shown
in red and a water molecule (chain B) in cyan. Heme
propionates A and D are labelled. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

CHAIN B

(‘\’ H103(F8.) |

(=
D\

CHAIN D

C-D region

C-term ) ‘ i - C-term

G-H region G-H region
Fig. 5. Structural overlay of SsHb (colour code as in Fig. 1A) onto A) LpHDbII (gray trace), and B) hCygb (cyan and orange traces for the closed and open form,
respectively). Regions with low structural similarity are labelled, together with N- and C-term. The SsHb heme is shown in red. The LpHbII and hCygb hemes are not
shown for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

preceding helix E. Accordingly, when the four SsHb chains are compared found in the protein core; also the B-factors (28.4 A% on average) are
with each other, the C-D-E region (in particular, residues 52-69) shows a ~1.6 times higher than the mean of the protein, both parameters being
r.m.s.d. (2.0 A on average) which is about 2-fold higher than the values indicative of increased flexibility in that area.
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The structure of the GH hinge (residues 128-133) is well conserved
in the four SsHb chains (average r.m.s.d. 0.23 10\) and quite rigid (B-
factors 16.0 A2 on average). The minor different backbone conforma-
tions of the GH hinge observed in SsHb and LpHDbII are likely due to
different structural environments and sequences. In fact, residues from
this loop are involved in a crystal contact in SsHb, but not in LpHbII, and
contain a flexible Gly-Gly motif in LpHDbII but not in SsHb (Fig. 2).

As anticipated above, SsHb and LpHDbII share a similar dimerization
mode, based on the EF-interface (Fig. 3). However, the relative orien-
tations of the two subunits in dimeric SsHb and LpHDbII are significantly
different. Indeed, when the SsHb A chain is superimposed on LpHbII
chain A, the corresponding B chains diverge by a rotation of ~15°
around an axis located at the dimeric interface (Fig. 3B). This is not
surprising considering that helix E, at the dimeric interface, is differently
oriented in the two globins that display different heme-Fe coordination
states.

In consideration of the SsHb heme bis-histidyl hexa-coordination, the
SsHb fold is then compared to the tertiary structure of hexa-coordinated
hCygb. The average r.m.s.d. of the four SsHb chains, taken individually,
with the bis-histidyl hexa-coordinated hCygb is 1.35 A. As in the case of
the comparison with LpIIHb, major backbone differences are localized in
the CD hinge region, where one extra residue is present in the hCygb
sequence (Fig. 2), at the first N-terminal half of the E-helix (residues
52-69), and in the GH hinge (due to a two-residue insertion). A shift of
about 2.3 A is present at the N-terminus of the B-helix. Of note, the
hCygb structure (PDB code 1UTO) has been reported also in an “open”
conformation (coexisting in the crystal with the “closed” hexa-
coordinated conformation), where the N-terminal half of the E-helix
moves away from the distal site pocket. As a result of shifting the E1-E10
segment, including the distal HisE7(81) residue, in the hCygb “open”
conformation, the heme group is penta-coordinated [43]. Indeed, the
hexa-coordinated structure of SsHb places the N-terminal half of the E-
helix in a conformation that is intermediate between those reported for
the “closed” (hexa-coordinated) and “open” (penta-coordinated) states
of hCygb. Regarding the quaternary structure, hCygb is also a dimer, but
its dimerization interface in unrelated to that of SsHb [43,46,47].

3.4. MD simulations of monomeric and dimeric SsHb species

To gain insight into the structure-function relationships in SsHb,
extended MD simulations (up to 2 ps) were performed in duplicate for
the monomeric and dimeric species in the 6¢His, 5c, and 6cO states. The
structure of the simulated systems was generally stable along the
sampled trajectories, as indicated by the r.m.s.d. profiles determined for
the protein backbones (Fig. S1 and S2 in Supplementary Material). This
is particularly evident for the 6¢cHis species, where the r.m.s.d. (aver-
aged along the whole trajectory of the two independent replicas) is 1.3 A
and 1.6 A for the monomeric and dimeric protein, respectively (Table 2).

Table 2

Average root mean square deviation (r.m.s.d., 10%; standard deviation in paren-
thesis) determined from the two independent replicas run for monomeric and
dimeric species in the 6cHis, 5¢c and 6cO, states using the equilibrated structure
as reference. For the 6¢His species the r.m.s.d. was also determined considering
the X-ray crystal structure (PDB code 80UP) as reference (values in italics).

Systems 1ps 2 ps
6cHis 5c¢ 6c0, 5¢ 6c02

Monomer 1.3 (0.2) 2.1 (0.5) 1.4 (0.2) - -
1.1 (0.2)

Dimer 1.6 (0.3) 2.0 (0.2) 2.4 (0.4) 2.2 (0.3) 2.6 (0.4)
1.4 (0.3)

Dimer - Chain A 1.1 (0.2) 2.2(0.3) 1.3 (0.2) 2.2 (0.3) 1.5 (0.3)
0.9 (0.1)

Dimer — Chain B 1.1 (0.2) 1.3(0.2) 1.8 (0.2) 1.4 (0.3) 1.9 (0.2)
0.9 (0.1)
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3.4.1. Monomeric and dimeric 6¢His SsHb species

In the 6¢His state, the SsHb fold is very stable, including the CD loop,
with residue fluctuations along the MD simulations for both monomeric
and dimeric species generally comprised between 0.7 and 1.4 A (Fig. 6).
Additionally, the side chains of the residues that shape the hydrophobic
core of the protein occupy well-defined positions, this trait being also
observed in the structural analysis of the subunits A and B within the
dimer. Overall, the residues are tightly packed in the protein matrix,
which limits the conformational fluctuations of the side chain around
the position seen in the X-ray structure.

The relative position of the heme groups in the dimer (Fig. 3A) is
maintained along the trajectories. The Fe—Fe distance is, on average,
18.1 + 0.7 A, which is close to the value found in the X-ray structure
(17.6 A). The heme propionate-A atoms O1A and O2A preserve their
interaction with Argl06(F11) in the same chain (Fig. 4 and Fig. S3), as
noted in average distances of 3.7 + 1.3 A (chain A) and 4.3 + 1.8 A
(chain B), although transient fluctuations in the propionate-
guanidinium distance occur along the trajectories (Table S1). The oxy-
gen atoms of heme propionate-D maintain the interaction with Lys98
(F3) of the facing subunit within the dimer, as reflected in average
distances of 4.4 + 1.7 and 4.7 + 2.2 A (Fig. S4), but the interaction
between Lys98(F3) and Asn74(E10) observed in the X-ray structure
(Fig. 4) is lost during the simulations (distance >7 A; Table S1). The H-
bond between the proximal His103(F8) and Leu99(F4) carbonyl O is
stably maintained along the simulations (average distance of 2.9 4+ 0.2
A; Fig. S5).

To complement the structural analysis of the interactions formed by
the residues located at the interface, the MM/GBSA method was used to
estimate the energetics of the interaction between monomers. The re-
sults obtained for the two replicas of the 6cHis system are highly similar
and amounts, on average, to —17 kcal mol ! (Table 3). Indeed, there is a
close resemblance in the values of the distinct free energy components
determined for the two replicas, which agrees with the structural ri-
gidity of the 6cHis dimeric species along the MD simulations (see
above). The charged nature of most residues at the interface is reflected
in the large contribution of the Coulombic term (note also the large
standard deviation), which is about 4-fold larger than the van der Waals
component. This also explains the large contribution of the solvation
term to the dimerization free energy. The interactions between subunits
(A and B chains) at the dimeric interface are in general preserved along
the two simulations run for the 6¢cHis dimer. The most relevant changes
concerns residues Arg69(E5), GIn84 and Glu88, which are located close
to the hinge between helices E and F, as noted in the weakening of the
electrostatic interaction between Arg69(E5)A with Gln84B and Glu88B,
and the strengthening of the interaction between Arg69(E5)B and
Glu88A (Fig. 7).

3.4.2. Monomeric and dimeric SsHb 5c species

The starting structure of the 5c¢ SsHb was built by homology
modeling using the crystallographic structure of 5c LpHbII as template.
This was motivated by the need to account for the structural rear-
rangements triggered upon breakage of the Fe-His71(E7) bond, partic-
ularly regarding the potential shifts and rotation of helix E that may
affect the arrangement of the AB and CD loops, and helices G and H
(Fig. 8A). At the residue level, the most noticeable change observed in
the 5c simulations concerns the orientation of Trp29(B2). In the 6cHis
state this residue points to the interior of the protein (closed confor-
mation), where the indole ring is confined against the side chains of
Trp22(A11), [le32(B5), Phe75(E11) and Tyr120(G12). In contrast, in the
5c state Trp29(B2) protrudes toward the solvent (open conformation),
lying above helix E, close to Cys76(E12) (Fig. 8B). This conformational
rearrangement avoids the steric clash that would occur between Ile32
(B5) and Trp29(B2) if the closed conformation of this latter residue were
maintained in the 5c¢ fold. Let us note that this feature cannot be
attributed to the penta-coordinated LpHbII used as template, since the
same results are obtained when the cyanide-bound form of hCygb (PDB
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Fig. 6. Per-residue root mean square fluctuations (r.m.s.f., A) determined from the two independent replicas (coloured in green and red) of (top) monomeric and
(middle and bottom) dimeric SsHb in 6cHis, 5¢ and 6cO states. The coloured bars correspond to the CD loop (purple), helix E (green) and F (yellow), and the GH loop
(gray). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

code 4B3W) [48] is used as reference to build the homology model of 5¢
SsHb (data not shown).

In the 5¢ SsHb, the average r.m.s.d. is ~2 A for both the monomeric
and dimeric species (Table 2), thus suggesting increased structural
changes (relative to the 6¢His species) due to the release of the restraint
imposed by the Fe-His71(E7) coordination bond, especially in subunit A
of the dimer (r.m.s.d. of 2.2 A versus 1.3 A for chain B). The largest
fluctuations for both monomeric and dimeric 5¢ SsHb are localized in

the inter-helical loops, especially the CD loop, the GH hinge, and at the
C-terminus (Fig. 6). Although the r.m.s.f. is generally comprised be-
tween 1.0 and 2.0 A, larger fluctuations are observed in the GH loop of
both monomeric (r.m.s.f. of 3.9 A) and dimeric (subunit A; r.m.s.f. of 3.4
A) species, and in the CD loop of chain A of the dimer (r.m.s.f. of 6.8 A).
This highlights a distinct structural response of chains A and B along the
trajectories sampled for the dimeric species.

Regarding the position of His71(E7) side chain during MD, the out
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Table 3

Free energy changes (kcal mol~!; standard deviation in parenthesis) for the
formation of the dimeric species in the 6cHis, 5c, and 6cO, states. Values
determined for an ensemble of 250 (6cHis) or 1000 (5c and 6¢O») snapshots
taken from the last 250 (6¢His) or 1000 (5¢, 6¢O5) ns of the two independent
trajectories (R1 and R2) using the MM/GBSA method (see Eq. (2) in Materials
and methods).

Free energy 6c¢His 5¢ 6cO,

Replica 1

AEym —448 (62) —632 (46) —522 (58)
Coulombic —364 (63) —532 (45) —438 (59)
van der Waals —84 (6) —100 (6) -85 (7)

AGso 413 (55) 580 (42) 486 (53)
Electrostatic 425 (55) 595 (41) 498 (53)
Non-electrostatic -12(1) -16 (1) -12(1)

—TASconf 20 (5) 22 (5) 25 (4)

AGpind -15 -30 -11

Replica 2

AEmm —431 (74) —548 (70) —603 (74)
Coulombic —346 (75) —457 (73) —515 (75)
van der Waals -85 (7) -91 (9) —87 (7)

AGg) 393 (65) 514 (65) 562 (70)
Electrostatic 405 (65) 527 (65) 575 (70)
Non-electrostatic -13(1) -13(1) -13(1)

—TAScont 18 (6) 17 (5) 30 (7)

AGpind -20 -17 -11

Combined

AEnm —440 -590 —562
Coulombic —355 —495 —477
van der Waals -85 -95 -86

AGso1 403 547 524
Electrostatic 415 561 537
Non-electrostatic -12 -14 -13

—TASconf 19 20 27

AGpind -17 —24 -11

AAGpind 0 -7 +6

conformation (pointing toward the mouth of the heme cavity) found at
the beginning of the simulation quickly changed to the in conformation
(oriented to the protein interior) in the first 100 ns of the two inde-
pendent simulations run for both monomeric and dimeric species (Fig. 9
and Fig. S6). The in conformation remained primarily stable in the distal
pocket along the MD simulations, as the imidazole ring becomes
enclosed in a hydrophobic cage shaped by Phe37(B10), Phe51, Phe75
(E11), and Leu68(E4), thus sterically hindering access to the heme-Fe
atom. Nevertheless, thermal fluctuations in the distal cavity enabled
conformational transitions of the His71(E7) side chain, which tran-
siently could fluctuate between in and out conformations (Fig. S6), the
distance from the heme-Fe to the center of the imidazole ring being
increased from about 5-6 A to about 9 A (Fig. S7). As illustrated in
Fig. 9C, these fluctuations arise from concerted shifts in the B helix and
the CD loop, which in turn affect the packing of His71(E7) against the
aromatic rings of Phe37(B10), Phe41(B14) and Phe51(CD1). Note-
worthy, these structural rearrangements enhance accessibility to the
heme-Fe atom, thus possibly facilitating the access of O to the distal site
from the solvent regions, as exemplified for selected snapshots in Fig. S8.
Finally, it is worth noting that the frequency of these transient confor-
mational changes is larger in the dimer compared to monomer, as noted
in the analysis of the fluctuations of both the dihedral (NC,CyC,) angle in
His71(E7) side chain (Fig. S6) and of the distance from the heme-Fe
atom to the center of the imidazole ring (Fig. S7), which can be ex-
pected from the enhanced structural flexibility of the dimeric species.
The average value of the dimerization free energy of the 5c dimeric
SsHb is —24 keal mol ! (Table 3), which supports the stabilization of the
interaction between subunits in the 5c species compared to the 6¢His
form (—17 keal mol™1). However, the strengthening of the interaction is
particularly relevant only in replica 1 (—30 kcal mol 1), this trait being
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mainly attributed to the van der Waals component, which stabilizes the
interaction between subunits by —9 kcal mol ™! relative to replica 2. In
contrast, the dimerization free energy in replica 2 (—17 kcal mol™1)
coincides with the value obtained for the 6¢His dimer, thus reflecting the
similar van der Waals interaction. This reflects the occurrence of diverse
structural rearrangements at the interface between chains A and B upon
transition from the 6¢His species to the 5¢ form, involving both rotation
of the E and F helices and separation between subunits A and B in the
dimer. In the 6¢cHis dimer, these helices form an angle of ~29.4°, which
is in agreement with the angle found for the monomer, and the relative
orientation of the pair of E-F helices in chains A and B is 124.4°
(Table 4). However, in the 5c¢ dimer, the angle formed by the E and F
helices varies from 31.5° to 37.3°, reflecting a larger structural fluctu-
ation relative to the 5c monomer, where the angle is ~31°. Furthermore,
the angle between the E-F helices in subunits A and B is reduced to
~115°. On the other hand, the averaged Fe—Fe inter-heme distance
increases from 18.1 =+ 0.7 A in the 6¢His state to 19.8 + 0.7 A in the 5¢
dimer (Fig. S9 and Table S1). The Fe—Fe distance increase is more
evident in replica 2, where the Fe—Fe distance steadily increases from
about 20 A to 22.5 A in the last 200 ns of the simulation (Fig. S9). On the
other hand, a distinct behavior is observed for the interactions of resi-
dues located close to the hinge of helices E and F, such as the
strengthening of the Arg69(E5)A-Glu88B contact in replica 1, and the
weakening of the Glu88A-Arg69(E5)B interaction in replica 2 (Fig. 7).

These results reflect the increased conformational flexibility trig-
gered by the 6¢cHis — 5c transition. The magnitude of the enhanced
structural fluctuations is not identical in the two chains present in the 5¢
dimer, at least within the time scale (2 ps) considered for each MD
simulation. Nevertheless, this is in contrast with the structural stability
observed in the simulations run for the monomers.

3.4.3. Monomeric and dimeric 6¢O2 SsHb species

The average r.m.s.d. during MD simulations for the 6¢O2 monomeric
species is 1.4 A, which suggests a higher structural rigidity of the 6c-
bound state relative to the 5c species (Table 2). The 6cO, dimeric
form exhibits larger changes, with an average r.m.s.d. of 2.6 A, slightly
larger than the r.m.s.d. of the 5c dimer (2.2 }o\), but also a notable
asymmetry between the two subunits within the dimer, as noted in r.m.s.
d. values of 1.5 and 1.9 A for chains A and B, respectively. The largest
fluctuations in the MD simulations for both monomeric and dimeric
SsHb 6cO; species are localized in the inter-helical loops and at the N-
and C-termini (Fig. 6). The r.m.s.f. are generally comprised between 0.5
and 1.5 A in the monomer, and between 0.8 and 2.1 10\, in the dimer, but
larger fluctuations (up to 4 A) are observed in the CD loop of subunit B
(replica 2). The heme-bound O is hosted in a distal cage defined by
Phe37(B10), Phe51(CD1) and Phe75(E11), besides the H-bond interac-
tion with the distal His71(E7) (average distance of 3.1 10\; Table S1 and
Fig. S10). Nevertheless, transient fluctuations in the His71(E7)-O5 dis-
tance are observed, especially for chain B in replica 2 (Fig. S9). As noted
above for the 5c dimeric species, this suggests a distinct structural
response of the two protein subunits along the trajectories sampled for
the 6¢O5 dimer.

The dimerization free energy is, on average, —11 kcal mol !
(Table 3), which implies a reduction compared to the 5c dimer (—24
keal mol™Y), and slightly less favorable relative to the 6¢His dimeric
form (—17 kcal mol™1). The same value is obtained for the two replicas
(~11 keal mol™}; Table 3), which reflects the similar van der Waals
energy components. The arrangement of the E and F helices at the
interface in the 6¢O- dimer reflects the trends discussed above for the 5¢
dimeric species. Thus, one may notice a higher diversity in the angle
formed by E and F helices in chains A and B (ranging from 30.1° to
37.3°), which is in contrast with the similar value found for the two
replicas of the 6cO3 monomer (about 32.6°). Furthermore, the pair of E-
F helices exhibits an intermediate arrangement between the angles
found for the 5¢ (114.7° and 115.0°) and 6¢His (124.3° and 124.5°). The
simulation run for dimeric 6cO; reveals an increased separation
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Fig. 7. Change (relative to the equilibrated structure) in the electrostatic interaction energy (kcal/mol) between residues located at the interface of subunits A and B
(see upper panel). Results provided for the dimeric species of the 6¢cHis, 5¢c and 6¢O,, states determined for the first (rows 1-3) and second (rows 4-6) independent MD
simulations. Positive/negative values indicate weakening/strengthening of the interaction between residues.
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Fig. 8. (A) Two views of the rearrangement of helices E (green) and F (yellow) between 6cHis (transparent) and 5c (opaque) states. The SsHb heme is shown in red.
(B) Arrangement of Trp29(B2) (shown as sticks with C atoms in orange) in the closed conformation embedded in the protein matrix found in the 6¢cHis state, and in
the open conformation protruding toward the interface between subunits A and B found in the 5c state. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

10



A. Pesce et al.

Journal of Inorganic Biochemistry 246 (2023) 112289

Fig. 9. (A) Out and in conformations of His71(E7) side chain into the distal pocket during MD simulations. (B) Comparison of selected snapshots (coloured and gray)
that show the conformational change in helix B and the CD loop that enables the rearrangement of His71(E7), Phe37(B10), Phe41(B14) and F51(CD1) in the

distal pocket.

between the hemes, as shown by the Fe—Fe distance of 20.7 + 0.7 A,
although values close to 23 A are transiently reached in replica 1
(Table S1 and Fig. S9). Furthermore, the interaction between propionate
A and Argl06(F11) is lost at the beginning of the simulation and is not
recovered along the trajectory for none of the two replicas (Table S1).
Likewise, the interaction of Lys98(F3) with the propionate or either
Asn74(E10) between monomers (Fig. 4) are also weakened or even lost
along the simulations (Table S1). While these results point at looser
crosstalk interactions between the residues that surround the heme
groups in the dimeric 6¢O; state, the interaction between residues Arg69
(E5) and Glu88 are reinforced (Fig. 7).

3.5. Protein cavity system

The different coordination state of the heme not only has an impact
on the dynamic behavior of the protein backbone but also on the dis-
tribution of cavities within the protein matrix. In the 6¢His state, a set of
inner cavities are clearly delineated in the inner protein matrix, inde-
pendently of the monomeric or dimeric species as well as between the
two replicas run for the SsHb dimer, which can be explained by the low
flexibility observed for the 6cHis state (Fig. 10 and Fig. S11). These
include i) a front cavity located above the heme and defined by the

11

Phe37(B10) and Phe41(B14) aromatic rings, together with Phe51(CD1)
and Phe54 in the CD loop, ii) a central cavity located at the inner edge of
the heme shaped by Phe36(B9) and Phe37(B10), Phe75(E11), Phe113
(G1), Phel17(G5) and Tyr120(G8), and iii) a back cavity shaped by
residues in helices A, E, F and H (Fig. 10). The passage from the front
cavity to the central one is primarily limited by Phe37(B10), which is
packed against the distal hydrophobic cage formed by Phe36(B9), Phe41
(B14), His71(E7), and Phe75(E11); the transition between the central
and back cavities is limited by the side chains of Leu86, Leul42(H12)
and ValH145(H15). Analysis of the 6cHis SsHb dimer reveals that the
front cavity protrudes from the distal pocket of each chain and reaches
the dimer interface passing close to helix F toward the heme of the
opposing subunit (Fig. 10A); nevertheless, continuity between the two
cavities is interrupted by the heme propionates.

In contrast with the topology found for the 6¢cHis state, the increased
conformational flexibility found for the 5c¢ dimer is reflected by a vol-
ume reduction in the inner protein matrix cavities (Fig. 10B). Strikingly,
this effect is opposite at the interface of the dimer, where one may notice
the presence of a series of tunnels that would facilitate a connection
between the front cavities of the two subunits. Thus, an S-shaped pas-
sage emerges from the heme cavity of a chain, slides through the edge
defined by helices E and F of the opposing subunit, crosses the void space
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Table 4

Angle (°) formed by the E and F helices in the monomeric and dimeric (chains A
and B) species of SsHb in the 6¢His, 5S¢ and 6¢O, states, and relative orientation
(°) of the vectors defined by the pair of E-F helices in the dimer. Values averaged
for the last 250 ns of the MD simulation (standard deviation in parenthesis).

Coordination Replica  Monomer Dimer
state Chain A Chain B Interface
6cHis X-ray - 28.9 28.9 122.8
R1 29.4 (0.8) 29.4 29.6 124.3
(0.6) (0.5) (2.1)
R2 28.7 (0.7) 29.2 29.2 124.5
(0.6) (0.6) 2.1
5c R1 30.8 (1.1) 335 32.9 114.7
0.7) (0.9) (1.6)
R2 31.8(1.1) 31.5 37.3 115.0
(1.1) 1.2) 2.3)
6cO, R1 32.8 (0.9) 37.3 34.4 116.3
0.8) (0.8) 2.2)
R2 32.4 (0.9) 35.0 30.1 119.0
(0.9 (0.8) (1.9

# The angle between E and F helices was estimated by considering the vectors
defined by the position of the C, atoms of His71(E7) and His103(F8) to the C,
atom of Glu88 at the EF hinge.

Y The orientation between the pair of E-F helices was measured from the angle
between the unit vectors obtained by the addition of the vectors in the E and F
helices within each subunit.

between the heme groups, touches the edge between helices E and F of
the original chain, and ends up in the front cavity of the opposing sub-
unit. The formation of this passage may be attributed to the separation of
the opposing helices E and F, as well as the separation between the Fe
atoms in the two chains, since the Fe—Fe distance increases from 18.1 A
in the 6¢His dimer to 19.8 A in the 5¢ dimeric state. In the monomer, the
front cavity is limited to the interior of the distal cage, without protru-
sion toward the surface of the monomer. The central and back cavities
are smaller compared to those found in the dimer. So, the front cavity
would be the most affected by the dimerization process.

In the 6cO; state the increased structural rigidity of the backbone
relative to the 5c state allows to delineate a larger number of bigger
cavities in the inner protein matrix, which permits to envisage a series of
cavities that link the heme distal cavity to the bulk solvent passing
through helices F and H (Fig. 10C). On the other hand, the passage via
secondary channels through the loop AB and the terminus of helix G are
prevented by the steric hindrance exerted by Phe75(E11) and Tyr120
(G8). Compared to the dimer, the back cavity is larger in the monomer,
whereas the front cavity is smaller.

4. Conclusions

Among nHbs, SsHb has been extensively characterized biochemically
and phylogenetically and proposed to perform a Mb-like function by
enhancing oxygen supply to neurons [10,17]. The SsHb three-
dimensional structure reveals a substantially conserved classical
myoglobin fold where the heme-Fe atom is hexa-coordinated, having the
proximal His103(F8) and the distal His71(E7) as axial ligand residues,
confirming previous spectroscopic observations and predictions based
on sequence analysis [10]. In vitro (at low concentrations) the recom-
binant protein was reported to have a Ps( value for Oy of ~0.6 Torr, the
ligand binding occurring in a non-cooperative manner (slope of ~1 in
the Hill plot) [10]. However, other studies on recombinant SsHb indi-
cated cooperativity on O binding, reporting a Hill coefficient increasing
with pH and decreasing with temperature, attaining a value of 1.5 [15]
and a dimeric oligomerization state [49]. The latter results fit better the
in situ measurements on intact nerves at high protein concentrations
(mM), that revealed a Psg of 2.3 Torr, and an n value of 2.1, suggesting in
vivo aggregation, probably higher than dimeric, triggered by the high
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cellular concentration and/or by the presence of allosteric effectors
moderately lowering O, affinity [6].

Interestingly, the SsHb crystal structure here reported shows the
protein as a stable dimeric species, in keeping with previously reported
size exclusion chromatography data [49]. Considering that the vapor
diffusion crystallization method is based on approaching protein satu-
ration by slowly increasing its concentration, and that the SsHb dimer-
ization mode found is of the EF-type, well known within the globin
superfamily, it is conceivable that the SsHb quaternary assembly found
in the crystalline state is representative of the basic oligomerization state
found in vivo, at physiological SsHb concentration.

Of note, to the best of our knowledge, SsHb is the first EF-type
dimeric structure displaying bis-histidyl heme coordination. This
observation appears functionally relevant since bis-histidyl hexa-coor-
dinated globins require a structural rearrangement (shift or tilt) of the E
helix to allow binding of an exogenous ligand to the heme. In this sce-
nario, an EF dimeric interface would support ligand binding coopera-
tivity between the globin subunits provided that the dimeric packing
allows sufficient dynamics. Indeed, the SsHb dimeric interaction is
mediated mostly by polar resides (12 out of 17 interface residues), and a
large number of water molecules (~70) are bound at the dimer associ-
ation interface, mediating inter-subunit interactions. Such polar surface
would explain, on one side, why the protein can stay monomeric in
solution at low concentration; on the other, it supports a stable dimer
that is able to breathe, thus enabling enough flexibility to allow the
structural rearrangements needed in the transition from the bis-histidyl
(6¢His state) to penta-coordination (5c state).

Our MD simulations confirmed the trend described above, showing
that the penta-coordinate species is more flexible than the 6cHis and the
6c05 species. Overall, the 6¢cHis —5c transition is granted by the flexi-
bility of the CD loop region, which allows the E-helix to tilt away from
the heme-distal side thus breaking the bis-histidyl coordination. The E-
helix move is coupled to a closed-open transition of Trp29(B2) side
chain. This residue is embedded in the protein matrix in the 6¢His state
and contributes, together with the heme-Fe—His71(E7) coordination, to
restrain the magnitude of the structural fluctuations in both the protein
backbone and side chains. In contrast, the steric hindrance with Ile32
(B5) caused by the E helix shift after breakage of the Fe—His71(E7)
bond promotes the rearrangement of Trp29(B2) toward the subunits
interface in the dimeric species, thus facilitating the accommodation of
the E helix in the 5c state and providing a basis for enhanced residue
fluctuations within the protein matrix.

The structural changes triggered by the 6¢His —5c transition have an
impact on the balance between electrostatic and van der Waals in-
teractions of the inter-subunit contact residues, and eventually are re-
flected in distinct shapes of the dimeric interface tunnels, a quaternary
structure feature that would facilitate connections between the two
heme groups. Related to such observation is the ‘cross-talk’ between
heme propionates from one subunit and Asn102(F7)/Lys98(F3) of the
facing chain, an interaction that is strong in the 6cHis state and tends to
become looser in the 5¢ and 6¢O, states, while the inter-heme distance
increases.

Concerning the gating movement of His71(E7) at the distal pocket,
we note that such structural effect would be in keeping with the reported
SsHb reverse Bohr effect, ascribed in hexa-coordinated nerve globins to
HisE7 protonation at low pH, that would increase O, affinity as the
(protonated) residue swings out of the pocket [15]. At the end of the
binding process, the heme-coordinated O, is hosted in a ‘aromatic cage’
defined by Phe37(B10), Phe51(CD1) and Phe75(E11) and, as expected,
stabilized by a H-bond to the distal His71(E7) in the 6cO state.

Both inter-subunit ‘cross-talk’ and hemes interconnection through
tunnels at the dimeric interface are features that would be in keeping
with the reported in vivo functional cooperativity reported for SsHb
[6,17]1, while the progressive distancing of the subunits throughout the
6¢cHis — 5c transition would render the heme pocket more accessible,
thus supporting high ligand association rates and the high O affinity



A. Pesce et al. Journal of Inorganic Biochemistry 246 (2023) 112289

Fig. 10. Representation of the cavities located in the inner protein matrix and at the interface between subunits for the SsHb dimer in the (A) 6¢His state, (B) 5c state,
and (C) 6¢O, state. The front, central and back cavities are shown as isocontours coloured in yellow, violet and pink, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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observed for SsHb [15]. Finally, the unusually high His (intramolecular)
association rate (100 ps) reported for SsHb [10] might be explained by
an additionally increased inter-subunit distance, indicated in the 6cO5
state by MD simulations, where the E helix and His71(E7) are less
constrained in their heme-rebinding shifts. Such scenario would also
suggest that oxygenation and in vitro dilution may cause dissociation of
the dimer into high-affinity monomers, as previously proposed for SsHb
and reported for other invertebrate nHbs, such as Cerebratulus lacteus
nHb [10,15].
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