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Abstract

Truncated hemoglobins build one of the three branches of the globin protein
superfamily. They display a characteristic two-on-two o-helical sandwich fold and are
clustered into three groups (I, I, and Ill) based on distinct structural features. Truncated
hemoglobins are present in eubacteria, cyanobacteria, protozoa and plants. Here we present a
structural, spectroscopic and molecular dynamics characterization of a group-Il truncated
hemoglobin, encoded by the PSHAa0030 gene from Pseudoalteromonas haloplanktis TAC125
(Ph-2/2Hb0O), a cold-adapted Antarctic marine bacterium hosting one flavohemoglobin and
three distinct truncated hemoglobins. Ph-2/2HbO aquo-met crystal structure (at 2.21 A
resolution) shows typical features of group-I1 truncated hemoglobins, namely the two-on-two
a-helical sandwich fold, a helix @ preceding the proximal helix F, and a heme distal-site
hydrogen bonded network that includes water molecules and several distal-site residues, among
which His(58)CD1. Analysis of Ph-2/2HbO by electron paramagnetic resonance, resonance
Raman and electronic absorption spectra, under varied solution conditions, shows that Ph-
2/2HbO can access diverse heme ligation states. Among these, detection of a low-spin heme
hexa-coordinated species suggests that residue Tyr(42)B10 can undergo large conformational
changes in order to act as the sixth heme-Fe ligand. Altogether, the results show that Ph-
2/2HbO maintains the general structural features of group-Il truncated hemoglobins, but
displays enhanced conformational flexibility in the proximity of the heme cavity, a property
likely related to the functional challenges, such as low temperature, high O, concentration and

low kinetic energy of molecules, experienced by organisms living in the Antarctic environment.
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Introduction

The most recent bioinformatics search for globin-like sequences identified putative globins
in more than one half of the 2200 sequenced bacterial genomes. A comprehensive
nomenclature, including prokaryotic and eukaryotic globins, assigns globins to three distinct
families: (i) the myoglobin (Mb)-like family displaying the classical three-on-three (3/3) a-
helical sandwich fold, and including flavohemoglobins (FHbs) and single-domain globins
(SDHbs); (ii) the sensor globin family; and (iii) the truncated hemoglobin (TrHb) family, that
displays the two-on-two (2/2) a-helical sandwich fold [1]. Members of the TrHb family have
been found in eubacteria, cyanobacteria, protozoa and plants, but not in animals [2]. On the
basis of phylogenetic analyses, the TrHb family can be further divided into three distinct sub-
families: TrHbI (or N), TrHblI (or O), and TrHbIII (or P); specific structural features related to
sequence motifs, heme cavity, helices in their folds, and protein matrix tunnel(s) distinguish
each group [2,3].

Several sequence and 3D structure analyses of the TrHbII group have been reported. To
date, six TrHbII crystal structures have been described, of Mycobacterium tuberculosis (Mt-
2/2HbO, [4]), Thermobifida fusca (Tf-2/2HbO, [5]), Bacillus subtilis (Bs-2/2HbO, [6]),
Geobacillus stearothermophilus (Gs-2/2HbO, [7]), Agrobacterium tumefaciens (At-2/2HbO,
[8]), and of the first plant TrHb from Arabidopsis thaliana (Ath-2/2HbO, also called AtGLB3
or AHb3, [9]). Besides sequence signatures that translate into tertiary structure features, the
most distinctive feature of TrHblIs is the presence of specific heme distal residues at the B10,
CD1, E7, E11, and G8 topological sites, which are implied in modulation of heme ligand
binding [2,3] .

TrHbs have also been identified in the cold-adapted Antarctic marine bacterium
Pseudoalteromonas haloplanktis TAC125 (PhTAC125): one TrHbl (encoded by the
PSHAa0458 gene), and two distinct TrHblls (encoded by PSHAa0030 and PSHAa2217) [10].
Amino-acid sequence identity between the two TrHblls is only 24%, suggesting that these

4
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proteins may play different function(s) in the bacterial metabolism. Moreover, PhTAC125
hosts one FHb, annotated as PSHAa2880 [10]. To our knowledge, PhTAC125 provides the first
example of coexistence of genes encoding one FHb and three TrHbs [11]. The presence of
multiple globin genes supports the idea of their involvement in a protection mechanism against
oxidative and nitrosative stress in a cold and O,-rich environment such as Antarctica [12].

In particular, TrHbIl encoded by the PSHAa0030 gene, named Ph-2/2HbO, has been
thoroughly investigated from the biochemical and functional viewpoints [10,12-16]. The
inactivation of the PSHAa0030 gene encoding Ph-2/2HbO makes the mutant bacterial strain
sensitive to high O, levels, hydrogen peroxide, and nitrosating agents [12]. In contrast,
overexpression of the PSHAa0030 gene in a mutant Escherichia coli defective of FHb and
hypersensitive to nitrosative stress indicates that Ph-2/2HbO protects growth and cellular
respiration of the heterologous host against the toxic effect of NO-donors. Moreover, the ferric
form of Ph-2/2HbO was shown to catalyse peroxynitrite isomerisation in vitro, confirming its
potential role in reactive nitrogen species scavenging [16].

Here we report a comprehensive study of Ph-2/2HbO, combining its crystal structure
(solved at 2.21 A resolution) with a spectroscopic analysis based on Resonance Raman (RR)
and Electron Paramagnetic Resonance (EPR), and complemented by molecular dynamic (MD)
simulations. The RR solution data highlight spin population differences between the solution
and the crystalline states, suggesting a flexible architecture of the protein structure in proximity
of the heme cavity, not previously observed in other TrHbs. The structural and dynamic
features relevant for determining the ligand-binding properties and flexibility of Ph-2/2HbO are

considered.

Results

Structure of Ph-2/2HbO
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The 3D structure of aquo-met Ph-2/2HbO (devoid of the first nineteen residues, see
Materials and Methods) was solved using crystals belonging to the orthorhombic space group
P21212;, hosting two protein chains (A and B) per asymmetric unit (PDB ID: 4UUR and
R4UURSF, respectively). The structure was refined at 2.21 A resolution to a final R-factor and
R-free values of 18.3% and 24.6%, respectively, with ideal stereochemical parameters (Table
1). Conformational disorder affects the N-terminal 20-21 residues of both Ph-2/2HbO chains,
whose electron density was lost to the solvent.

Superposition of 124 C, atoms of the two independent chains yields a Root Mean Square
Deviation (RMSD) of 0.38 A. The results discussed below apply equally to both the A and B
chains unless otherwise stated. Analysis of the Ph-2/2HbO dimeric assembly, by means of the
program PISA (http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver) [18], did not highlight
a significant association interface between the A and B chains in the crystal asymmetric unit
that could justify a stable quaternary assembly (Fig. S1). This finding is in agreement with the
results of size-exclusion chromatography experiments that identified the protein as a monomer

in solution [10].

Structural comparison with other TrHblls

The Ph-2/2HDbO tertiary structure displays the typical features of the a-helical 2/2Hb-fold
[2,3,19], with some structural modifications that are specific for TrHblls, such as an additional
a-helix (® helix, residues 82-87 in Ph-2/2HbO) located between helices E and F (Figs. 1 and
2) [4]. Structural superposition of Ph-2/2HbO on At-2/2HbO, Mt-2/2HbO, Tf-2/2HbO, Bs-
2/2HbO, Gs-2/2HbO and Ath-2/2HbO yields RMSD values in the 0.9-1.2 A range, the best
match being with At-2/2HbO. The main differences relative to other TrHblls (taking Mt-
2/2HbO as reference, see alignment in Fig. 2) are located in the N-terminal region (where full-
length Ph-2/2HbO hosts a sequence extension of nineteen residues, proteolytically cleaved
during protein purification), in the BC (three-residue insertion in Ph-2/2HbO), CE (one-residue

6
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deletion in Ph-2/2HbO) and GH (three-residue deletion in Ph-2/2HbO) loops, and in the C-
terminal region. The two Gly-Gly motifs present at the C-terminal end of helices A and E,
typical of TrHbl and TrHblI, are conserved in Ph-2/2HbO, helping stabilization of the short
helix A in a conformation locked onto helices B and E (Fig. 1).

Analysis of the crystal structure reveals that in Ph-2/2HbO the CD1 topological position is
occupied by His58, not by Tyr55 as previously proposed [13]. CD1 His is also present in At-
2/2HbO, whereas in TrHbs this site typically hosts Phe, with the exception of TrHblls from M.
tuberculosis, M. avium, M. leprae, M. smegmatis, Streptomyces coelicolor, Corynebacterium
diphtheriae and T. fusca, which host Tyr [5,20].

A medium polarity distal cavity of about 50 A® volume is defined by the porphyrin ring
and by residues Phe(41)B9, Tyr(42)B10, His(58)CD1, lle(65)E7, Phe(69)E11 and Trp(109)G8
(Fig. 3); the cavity hosts two water molecules that form a H-bonded network with the heme
distal residues (see below). Analysis of the whole Ph-2/2HbO crystal structure does not
highlight a proper protein matrix tunnel(s) connecting the heme distal cavity to the solvent,
such as those observed in Mt-TrHbI [20,21]. This finding is in keeping with the absence of a
protein-matrix tunnel previously reported for TrHblls. TrHblIs also tend to host a small residue
at E7 (typically Ala, Ser, or Thr), thus suggesting the an E7 route entry path to facilitate the
accessibility of diatomic ligands to the heme distal site [2,3,19]. In E7, the residue in Ph-
2/2HbO is lle(65), whose side chain separates the heme distal cavity from the solvent region
(Fig. 3A). An alternative access to the heme distal cavity might be located between the B, C
and E helices, however the bulky side chains of Tyr(42)B10, Tyr(55)C5, His(58)CD1 and

Leu(62)E2 appear to hinder such an entry site in the Ph-2/2HbO crystal structure (Fig. 3A).

Heme pocket
Both Ph-2/2HbO A and B chains display the heme porphyrin ring rotated by 180° around

the methinic a—y meso axis, relative to the common orientation found in (non)vertebrate

7
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globins. In Ph-2/2HbO, the bound heme is stabilized through direct Fe-coordination to
proximal His(96)F8, electrostatic interactions with the heme propionates, and van der Waals
contacts (< 4.0 A) with 23 residues. In particular, in both chains, propionate-D is stabilized by a
H-bonded salt bridge with Arg(95)F7, and propionate-A is electrostatically coupled to Arg64
slightly differently in the two chains (Fig. 3B); moreover, a water molecule provides a H-bond
bridge between propionates A and D in the B chain. It is worth noting that in Ph-2/2HbO site
83 (within helix @), which generally hosts a highly conserved Tyr in TrHblls, is occupied by
Phe (Fig. 2), thus impairing the formation of an additional H bond with propionate D.

In the proximal site, Leu92, Phe99, 1le101 and Metl141 are mainly involved in van der
Waals contacts with the porphyrin ring. Proximal His(96)F8 is coordinated to the heme iron
atom (coordination-bond length of 2.2 A in chain A and 2.1 A in chain B), with the F8
imidazole ring lying in a staggered azimuthal orientation relative to the heme pyrrole N atoms.
Accordingly, the ferrous form showed a v(Fe—His) stretching mode at 222 cm™ [14], higher
than that of human HbA (214 cm™), but similar to that of other TrHbs characterized by a
staggered orientation of the proximal His imidazole ring [22]. In fact, the staggered orientation,
in contrast to the eclipsed orientation observed in HbA [22], is expected to increase the iron—
His bond strength.

In the heme distal pocket, Phe(41)B9, Tyr(42)B10, His(58)CD1, Ile(65)E7, Phe(69)E11
and Trp(109)G8 surround the heme-ligated water molecule (Fig. 3B). The His(58)CD1
imidazole ring is parallel to the heme, its orientation being set by a H-bond (2.9 A) between the
ND1 atom and the carbonyl O, atom of Leu(54)C4. At the rear end of the distal pocket,
Trp(109)G8, conserved in TrHblls and TrHblllIs, fills the inner part of the heme distal site,
preventing further diffusion of ligands away from the heme-Fe coordination site. The
Trp(109)G8 indole ring is parallel and in contact with the porphyrin ring at the B and C

pyrroles (Fig. 3B).
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The heme distal site is characterized by a highly intertwined H-bonded network, involving
Tyr(42)B10, His(58)CD1, Trp(109)G8, and two water molecules (W13 and W32 in the A
chain, W16 and W23 in the B chain; Fig. 3B). In particular, the heme-coordinated water
molecules (W32 in A and W16 in B chains, with Fe-O 2.2 A coordination bonds), are H
bonded to a second distal-site water molecule (W13 in the A chain and W23 in the B chain; 2.6
A and 2.5 A distances, respectively), and to the indole NE1 atom of Trp(109)G8 (3.0-A and 3.1
A distances, respectively). The W13 and W23 water molecules are fully buried in the distal
site, and are in turn H bonded to the Tyr(42)B10 hydroxyl group (2.8 A and 2.7 A,

respectively) and to the NE2 atom of His(58)CD1 (2.5 A and 2.6 A, respectively).

Spectroscopic measurements in solution

The electronic absorption spectrum of ferric Ph-2/2HbO and its second derivative
spectrum at pH 7.6 (Fig. 4A), characterized by a Soret band at 408 nm, Q bands at 503, 541 and
570 nm, and a CT1 band at 635 nm, suggests a mixture of high-spin (HS) and low-spin (LS)
forms. This is confirmed by the corresponding high-frequency RR spectrum (Fig. 4D), which
clearly indicates a mixture of two forms; a predominant aquo hexa-coordinated HS state (6cHS;
vs 1480, v, 1558, v1o 1608 cm™) and a less populated hexa-coordinated LS state (6cLS; v 1503
cm™). These spectra are different from those previously reported for ferric Ph-2/2HbO at pH
7.6 [13] where, likely due to different preparation procedures, multiple LS forms were observed
(see Materials and Methods). However, as reported in that case, the absorption maxima of the
LS form are quite unusual, and reminiscent of those of ferric Chlamydomonas chloroplast Hb
[23] and of the hemophore HasA proteins from Serratia marcescens and Pseudomonas
aeruginosa [24,25]. Nevertheless, they are very different from either a LS His—Fe—His (that
exhibits well-defined absorption bands at about 535 and 565 nm), or a His—Fe-OH heme

complex as observed at alkaline pH (see below) [26].
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As suggested by the crystal structure, two distal-site residues may be involved in
generating the 6¢LS state, i.e. His(58)CD1 and Tyr(42)B10 (Fig. 3B). In order to check
whether a Tyr might be coordinated to the heme-Fe atom, RR excitation in the visible region
was performed since the characteristic vibrational frequencies of bound phenolate can often be
identified by excitation in the tyrosinate—Fe(l1l) charge transfer band (near 500 nm) [27]. As
shown in Fig. 5, upon excitation in the visible region at pH 7.6, three bands at 590, 1312 and
1509 cm™ (which are polarized, data not shown) are enhanced, becoming particularly evident
upon excitation at 514.5 nm. These bands are assigned to the v(Fe-Ory), vry:(C-O), and
vryr(C=C) tyrosinate modes, respectively, which are not present in the spectrum upon excitation
at 413.1 nm. The band around 590 cm™, due to the stretching mode of the covalent bond
between the heme-Fe atom and the Tyr phenolic O, v(Fe—Ory), is of special interest, since its
frequency is highly sensitive to the Tyr protonation state. Table 2 reports the frequencies of the
phenolate modes observed in a number of heme-Fe tyrosinate complexes in different proteins,
for comparison with those presented here; such frequencies differ slightly from those reported
in a previous study on Ph-2/2HbO [13]. Based on previously reported UV and visible RR
spectra (Table 2, [29]), the frequency at 590 cm™ observed in Ph-2/2HbO is consistent with a
deprotonated Tyr.

In agreement with the electronic absorption and RR spectra, the Ph-2/2HbO X-band EPR
spectrum at pH 7.6 displays an axial HS signal (g.~6.0, g;~ 2.0) and only one rhombic LS form
(g = 2.95, 2.26, 1.49) (Fig. 4B). The LS g values differ from those normally observed for His—
Fe—Tyr axial coordination, where the tyrosinate is not H-bonded, but also from the values
reported for His-Fe-His and His-Fe-OH LS signals (Table S1). However, they are similar to
those of the human serum albumin-ibuprofen complex (2.93, 2.27, 1.55) [32] and the HasA
proteins from S. marcescens and P. aeruginosa (g = 2.86, 2.21, 1.71) [24,25]. In both cases, a
nearby His serves as H-bond acceptor to stabilize the phenolate ligand. Hence, by analogy with
HasA, and in agreement with the electronic absorption and RR spectra, the Ph-2/2HbO LS

10
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form is proposed to host His—Fe—Tyr axial coordination, with a deprotonated Tyr strongly H-
bonded to a nearby residue that stabilizes the phenolate. Based on sequence alignments (Fig. 2)
and the location of heme distal residues resulting from the crystal structure (Fig. 3B),
Tyr(42)B10 is proposed as the sixth heme-Fe ligand in the Ph-2/2HbO LS form. Notably,
analysis of the aquo-met Ph-2/2HbO crystal structure (which displays a heme-coordinated
water molecule) does not allow identification of a distal residue acting as the sixth heme-Fe
ligand, as observed in the protein 6¢LS form in solution. In this respect, attempts to produce a
Ph-2/2HbO variant mutated at the B10 site (replacing Tyr42 with Phe) yielded a purified
greenish globin, likely due to the presence of heme-d [33], which compromised the
spectroscopic analyses. Attempts to generate the apoprotein followed by reconstitution in vitro
with hemin proved unsuccessful in this mutant, but also in a mutant bearing the
Trp(109)G8—Phe mutation.

The RR bands assigned to tyrosinate modes disappear at alkaline pH (Fig. 5), as at this pH
(>10) the protein is characterized by a hydroxyl ion bound to the heme-Fe atom. The
absorption spectrum is characteristic of a mixture of 6¢HS and 6¢LS forms (Soret band at 414
nm, Q bands at 545 and 587 nm, and a weak CT1 band at 610 nm, Fig. 4A), consistent with the
observed high-frequency RR spectrum that displays a predominant 6¢cLS form (vs 1501, v
1579, va7 1604, v1p 1638 cm™) and a weak 6¢HS form (v 1477 cm™). It is worth noting that the
high-frequency RR spectrum also reveals the presence of a 5cHS form at alkaline pH (v; 1491
cm™) (Fig. 4D) (see below). At alkaline pH the relative intensities of the ye (at 336 cm™),
propionyl (368 and 380 cm™) and vinyl bending (410 and 422 cm™) modes are significantly
reduced as compared to pH 7.6 (Fig. 4C), suggesting that at pH > 10 the H-bonding interactions
with the propionyl groups (observed in the X-ray structure) are weakened [34]. Figs. S2-S5 and
Tables S2-S5 in the supplemental materials report the curve fitting analysis of the RR spectra

shown in Fig. 5 and the complete vibrational assignment.

11
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In agreement with the RR data, in the EPR spectrum at alkaline pH the LS signal
corresponding to His—Fe—Tyr axial coordination is almost absent (g = 2.95, 2.26, 1.49), being
replaced by a new LS signal (g = 2.65, 2.19, 1.82) (Fig. 4B), typical of hydroxyl heme LS
forms (Table S1, [35]).

Fig. 6 compares the low-frequency RR spectra of Ph-2/2HbO at alkaline pH in H,O, D,O
and H,'®0 buffered solutions, at 12 K (Fig. 6A-B) and 298 K (Fig. 6C-D). The 6¢cHS and 6¢cLS
forms exist in a thermal spin-state equilibrium at room temperature, being converted to almost
pure 6¢cLS heme at 12 K with a small population of 5cHS still present (Fig. S6). At 12 K the
resolution of the bands is higher, enabling the weak v(Fe-OH) bands to be more easily
identified through their sensitivity to ?H and 20 isotopic substitution. The two isotope-
sensitive bands observed at 528 and 568 cm™ (at 12 K), (525 and 570 cm™ at 298 K) are
assigned to two v(Fe-OH) stretching modes. The band at 528 cm™ is assigned to a His-Fe-OH"
6¢LS form. Its frequency, about 20-cm™ lower than that observed in met-Mb and met-Hb [36],
is indicative of strong H bonds between the OH" ligand and distal residues. In fact, with an
increase of the H-bond strength, a decrease of the force constant of the Fe-OH bond, with
concomitant decrease of the v(Fe-OH) stretching frequency, is expected. Upon isotopic
substitution in D,O buffer, this band up-shifts by 6 cm™ rather than displaying the expected
down-shift due to the increased mass of the Fe-OD oscillator relative to Fe-OH. A similar
behaviour has been previously observed in horseradish peroxidase (HRPC) [36] (Table 3),
where distal Arg38 appears essential for stabilization of the OH" ligand and distal His(42)E7
acts as a H-bond acceptor [43]. Moreover, similar to HRPC [36], upon isotopic substitution in
D,0O at room temperature (Fig. S7), a decrease in intensity and a small frequency change are
observed for the bending mode of the propionyl group at 367 cm™, indicating an alteration in
the H-bonded network induced by the different strengths of H- and deuterium-bonds interacting
with the heme ligand. The corresponding band of the 6¢cHS (observed only at room

temperature) has not been identified.

12



Page 13 of 49

©CoO~NOUTA,WNPE

FEBS Journal

The band at 568 cm™ down-shifts to 554 and 549 cm™ in D,O and H,'®0, respectively. It is
noteworthy that the frequency of this band is much higher than those typical of 6¢cLS and 6¢cHS
Fe-OH forms. In analogy with the His93Gly Mb mutant (v(Fe-OH) at 575 cm™) and Scapharca
inaequivalvis Hb [41,42], it is assigned to a 5cHS Fe-OH form, uncommon in heme proteins.
Such an assignment implies that the proximal His-Fe bond must be ruptured at alkaline pH. The
alkaline transition is fully reversible, hence this form does not result from denaturation of the
protein. Table 3 lists the v(Fe-OH) frequencies observed in a number of reference heme
proteins at alkaline pH. The 6¢LS form, whose frequency is similar to that observed in Mt-
2/2HbO [37], is characterized by strong H bonds between OH™ and distal residues. However,
similar to TrHb-I of the cyanobacterium Synechocystis [40], at alkaline pH Ph-2/2HbO shows
the presence also of a 5¢HS characterized by the rupture of the Fe-His proximal ligand.

Fig. 7 compares the RR spectra as a function of pH between neutral and alkaline pH,
including the intermediate pH 8.5 value, which corresponds to the pH used in the crystal-
structure analysis. While the electronic absorption spectrum at pH 8.5 is almost identical (data
not shown) to that at pH 7.6 (Fig. 4A), at increasing pH a general reduction in the low-
frequency RR spectrum intensity (normalized on the v, mode (678 cm™)) takes place (Fig. 7A).
The most evident changes are the marked decrease in relative intensity of the bending modes in
the 330-430 cm™ region and, in the high frequency region, the up-shift of the v, mode by 1 cm’
! from pH 7.6 to 8.5 (Fig. 7B). Therefore, we can conclude that at pH 8.5 the spectrum is
intermediate between those at pH 7.6 and at pH 10.9, thus displaying a small Fe-OH LS
population. This result is in agreement with the results from the X-ray structure, where a heme-
Fe coordinated water molecule (W13 in chain A, and W23 in chain B) is involved in a distal H-

bonded network, suggesting that this molecule may assume a degree of OH™ 6¢LS character.

Molecular Dynamic Simulations
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MD simulations of ferrous Ph-2/2HbO, in the absence of any heme distal ligand, show that
water molecules can access the heme distal cavity and be stabilized through a H-bond network
based on the distal residues Tyr(42)B10, His(58)CD1 and Trp(109)G8 (Fig. S8), in agreement
with the X-ray crystal structure (Fig. 3B). Besides mapping the water dynamics in the heme
distal site, during MD simulation it was possible to analyze the dynamic behaviour of the
residues surrounding the heme. In particular, we focused our attention on Tyr(42)B10 that, on
the basis of the RR experiments, is suggested to be coordinated to the heme-Fe atom. In our
MD simulation, Tyr(42)B10 is too far from the iron to be considered a candidate to occupy the
sixth coordination site. This is similar to other well studied members of the TrHblI family, such
as Bs-2/2HbO, Tf-2/2HbO and Mt-2/2HbO [44-46], where no endogenous hexa-coordination
was observed (Fig. S9). As the currently accessible timescales of MD simulations inherently
limit the extent of conformational space that can be sampled, an alternative conformation, with
Tyr(42)B10 coordinated to the heme-Fe atom cannot be ruled out at longer simulation times. A
large structural rearrangement would however be required to attain a conformation compatible
with endogenous heme hexa-coordination based on Tyr(42)B10.

MD simulations of the Ph-2/2HbO CO (Fig. 8A) and O, (Fig. 8B) complexes show that
both ligands are stabilized by a strong H bond to Trp(109)G8, and a weaker one to Tyr(42)B10
(Figs. 8C-D) with the interaction between O, and Trp(109)G8 (Fig. 8D) more stable than that
between CO and Trp(109)G8 (Fig. 8C). The important role of Trp(109)G8 in ligand
stabilization has been previously observed in other TrHblls, e.g. Bs-2/2HbO [45,47], Tf-
2/2HbO [46], and Mt-2/2HbO [37,44]. No significant interactions of the CO ligand with
His(58)CD1 are apparent from the simulations (data not shown).

A detailed analysis of possible ligand migration pathways and associated tunnel/cavities
within the protein matrix was performed using the Implicit Ligand Sampling (ILS) method. A
comparison between cavities identified by the X-ray and the MD structures is provided in Fig.

9. Even though no widely open tunnels were identified, a possible pathway for ligand migration
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at the E7 gate was shown by MD simulations (Fig. 9). In particular, two on-pathway docking
sites were found for the CO ligand: the first cavity is located over the heme-Fe atom (CO);, as
suggested by the crystal structure, while the second, (CO),, originates from rearrangements of a
few residues with respect to the X-ray structure, sampled along the MD simulation. This
structural rearrangement involves residues Ile(65)E7, Val(68)E10 and Phe(69)E1l that,
together with Tyr(42)B10, define a possible ligand-entry pathway located between helices E

and F.

Discussion

Since only about half of the 2200 bacterial genomes sequenced so far include genes
encoding globins, it appears that these proteins may not always be required to sustain bacterial
physiology; on the other hand, many bacterial genomes comprise more than one globin gene
[1]. The occurrence of the TrHbIl + FHb combination in 1162 genomes poses the question
whether the function of TrHblls is necessarily linked to the NO-dioxygenase activity of FHbs.
Different double and ternary combinations of TrHbl, TrHbll, and TrHblll with FHb are
uncommon. PhTAC125 is the only example described so far in which genes encoding a FHb
and three TrHbs coexist [11], a feature potentially related to cold environments. In fact, gene
redundancy has been shown to entail mechanisms that warrant expression of an essential
function [48]; such redundancy may be perceived as a systemic adaptation to extreme
environments.

The ability of an organism to survive and grow in the cold depends on a number of
adaptive strategies, finalized to maintaining vital cellular functions at low temperatures [49]. In
addition to adaptations at the cellular level, to preserve their functions proteins must maintain a
balance between conformational stability and flexibility under the selected environmental
conditions. The apparent flexibility of proteins from cold-adapted organisms would compensate

for the low kinetic energy of solvent and molecules in their environment. A reduction of
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surface, of inter-domain or inter-subunit ionic interactions, a decreased number of H bonds and
salt bridges are all key mechanisms that can lead to increased conformational flexibility [50].
Several studies indicate that minor structural modifications are sufficient to modify the intrinsic
stability of cold-adapted proteins, and that local rather than global flexibility may play an
important role in cold adaptation [51].

A hint of enhanced plasticity in cold-adapted Ph-2/2HbO was provided by comparative
analysis with other members of the family, e.g. Tf-2/2HbO and Mt-2/2HbO. RMSF analysis
over 100 ns of MD simulations at 300 K on all three proteins highlighted significant
conformational fluctuations in the Ph-2/2HbO EF loop (residues 79-83) compared to the other
two TrHblls (Fig. S10). Moreover, comparative analysis of structural adaptation in many cold-
adapted globins, such as Antarctic fish Hbs and neuroglobins, shows higher flexibility in the
CD and EF regions [52-55]. Such findings suggest that helix F and its surroundings may be
involved in conferring localized flexibility in cold-adapted globins. The RR data at alkaline pH
also strongly support the evidence of an unusually flexible proximal heme pocket in Ph-
2/2HbBO. In fact, the observation of the uncommon 5cHS Fe-OH form at alkaline pH implies
that the proximal HisF8-Fe bond must be severed at this pH without denaturing the protein,
since the alkaline transition is completely reversible and the protein fully regains its native state
upon return to neutral pH.

The comparison of the spectroscopic and crystallographic properties of Ph-2/2HbO, here
reported, provides additional information regarding protein flexibility. In fact, the spectroscopic
observation of a mixture of an aquo-met 6¢HS species and a 6¢cLS component, the latter due to
ligation of Tyr(42)B10 to the heme-Fe atom but not detected by the crystal structure, indicates
that heme coordination is affected by the physical and/or environmental conditions experienced
by the protein. Such coexistence of two different heme coordination states is in keeping with
the proposed conformational flexibility of the heme pocket of this cold-adapted TrHbII.

Differences in heme coordination between solution and crystalline states have been previously
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described in various hemoproteins [56,57]. In addition, analogous results have been reported in
B. subtilis dye-decolourising peroxidase. The 6¢LS state of this protein is the most populated in
solution, whereas a 6¢cHS state is mainly detected in the crystal, such differences being related
to a highly flexible heme pocket [58]. In such a general context, it can be proposed that, in the
Ph-2/2HbO case, the crystallization conditions promote attainment of the aquo-met 6¢cHS
species, or select it for crystal growth as the most populated/stable of the two forms.

In terms of ligand accessibility to the active site, the E7 pathway located between helices E
and F was already observed in related TrHblls, e.g. Tf-2/2HbO and Mt-2/2HbO, suggesting
similar ko, values (10%-10° M™ s™) for the predominant CO-rebinding process in these proteins
[14,15,59,60]. Nevertheless, the crystallographic and MD analyses presented in this work do
not provide an explanation for the biphasic nature of CO-rebinding kinetics of Ph-2/2HbO
[14,15]. Moreover, the RR of the Ph-2/2HbO-CO complex indicates the presence of a CO
conformer in which polar interactions with the surrounding residues of the distal cavity are
absent or very weak [14].

Taken together, these data depict a flexible architecture in the heme pocket of Ph-2/2HbO,
hardly reported for other globins. The results highlight the unique adaptive structural properties
of the protein that enhance its overall flexibility, as recently demonstrated by its resistance to
pressure-induced stress [15]. Although some of these adaptive mechanisms are undoubtedly
species-specific, the remarkable access of Ph-2/2HbO to unusual conformations may represent
a molecular property encoded in the TrHbII structure to face the dynamic and functional

requirements posed by the Antarctic environment.

Materials and Methods
Protein expression and purification
The PSHAa0030 gene encoding Ph-2/2HbO was cloned as previously described [10]. The

previously used fermentor [13] was replaced by small-scale (200 ml) cultures in shake flasks to
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improve the quality of expression. In fact, production of the protein under strong oxygenation
conditions may have given rise to the multiple LS forms observed previously [13]. For
overexpression of Ph-2/2HbO in E. coli BL21(DE3), a single colony carrying the plasmid
construct (pET28a-Ph-2/2HbO) was inoculated in LB medium supplemented with kanamycin
(50 pg/ml), in the presence of 0.3 mM D-aminolevulinic acid, and allowed to grow at 25 °C
until Aggo reached 0.6 OD. The culture was then induced with 1 mM isopropyl--D-
thiogalactopyranoside, further incubated for 16 h at 25 °C and shaken at 150 rpm. The
expression of the cloned protein was monitored after running the cell lysate of recombinant
strains in 15% SDS-PAGE followed by Coomassie Brilliant Blue staining.

To purify Ph-2/2HbO, the frozen cells, previously harvested by centrifugation at 4 °C,
were thawed, suspended in 50 mM Tris—HCI pH 7.6, 1.0 mM EDTA, 1.0 mM phenyl-methyl-
sulfonyl-fluoride and protease-inhibitor cocktail (SIGMA P8465), and disrupted in a French
press until the supernatant was reddish and clear. The cell debris was removed by
centrifugation at 30,000 rpm for 1 h at 4 °C. The supernatant was loaded onto an anion-
exchange column (Q Sepharose Fast Flow, GE Healthcare Biosciences), equilibrated with 20
mM Tris—HCI pH 7.6 and 1.0 mM EDTA (Akta Explorer system, GE Healthcare Biosciences,
Amersham Biosciences Ltd, UK). Ph-2/2HbO was eluted with a NaCl gradient (from 0 to 0.25
M) in 20 mM Tris—HCI pH 7.6, 1.0 mM EDTA. The eluted fractions were collected on the
basis of the heme and protein absorbance at 407 and 280 nm, respectively. The pooled fractions
were concentrated and loaded onto a second anion-exchange column (HiTrap Q Sepharose XL,
GE Healthcare Biosciences) equilibrated with 20 mM Tris—HCI pH 7.6 and 1.0 mM EDTA.
Ph-2/2HbO was eluted with a NaCl gradient (from 0 to 0.25 M) in 20 mM Tris—HCI pH 7.6,
1.0 mM EDTA. The collected protein was concentrated, dialysed against 50 mM MES pH 6.0,
and further purified with a SP (sulfopropyl) Sepharose Fast Flow cation-exchange column (GE
Healthcare Biosciences) equilibrated with 50 mM MES pH 6.0. The protein was eluted with a

NaCl gradient from 0 to 0.50 M. A fourth purification step (strong anion-exchanger, MonoQ,
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GE Healthcare Biosciences) was necessary to obtain the protein at 98% purity, as judged from
SDS-PAGE.

Ph-2/2HbO was isolated as a cleaved form, as confirmed by mass spectrometry (data not
shown), devoid of the first 19 N-terminal residues. This cleaved form is likely the result of
proteolysis of the full-length protein by trace amounts of proteases co-purified with the cold-
adapted globin [10]. It should be recalled that previous in vivo experiments demonstrated that
deletion of the N-terminal segment does not impair the NO scavenging activity of Ph-2/2HbO
[16]. Throughout the following, the truncated form of the protein (i.e. devoid of the first 19 N-

terminal residues) will simply be referred to as Ph-2/2HbO.

Crystallization and data collection

Crystals of aguo-met Ph-2/2HbO (protein concentration 30 mg/ml) were grown at 4 °C by
the vapour-diffusion technique, using 8% PEG 8000 and 0.1 M Tris—HCI pH 8.5 as precipitant
solution. Crystals grew after several months as bunches of rods from which single elongated
prismatic crystals (of about 0.15 x 0.15 x 0.4 mm?®) could be isolated; these were cryoprotected
with 15% PEG 8000, 0.1 M Tris—HCI pH 8.5, and 20% glycerol prior to data collection at 100
K. The crystals diffracted up to 2.21 A resolution on beamline 1D23-1, at the ESRF synchrotron
(Grenoble, France), and were shown to belong to the orthorhombic space group P2:2:2;, with
unit cell parameters a = 42.9 A, b =723 A, c =883 A, a =B =y =90° (Table 1). Calculation
of the packing parameter (Vy = 2.41 A%Da, 49% solvent content) indicated the presence of
two Ph-2/2HbO molecules in the crystal asymmetric unit. Raw diffraction data were processed

using Mosflm [61] and SCALA [62].

Structure determination and refinement
Solution of the 3D structure was achieved through molecular-replacement techniques,
using the web-server CaspR (http://www.igs.cnrs-mrs.fr/Caspr2/; [63]. The crystal structure of
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At-2/2HbO (PDB code: 2XYK) was used as the search model. Several cycles of manual
rebuilding using the program COOT [64], and refinement (rigid body and restrained
refinement) using the program REFMACS [65], were carried out to improve the initial electron
density for the two independent Ph-2/2HbO molecules (A and B chains). At the end of
refinement, no electron density was present for residues 20-21 of Ph-2/2HbO in both A and B
chains, and 62 water molecules were located through difference Fourier maps (Table 1). The
programs Procheck [17] and Surfnet [66] were used to assess the model stereochemical quality
and to search for protein matrix cavities. Atomic coordinates and structure factors have been

deposited in the Protein Data Bank (PDB ID: 4UUR and R4AUURSF, respectively).

Spectroscopic measurements

The Ph-2/2HbO samples at pH 7.6 and 8.5 were prepared in 0.1 M Tris—HCI, and those at
pH 10.9 in 0.1 M CAPS. Protein concentrations in the range 10-70 uM were used for electronic
absorption and RR samples. Sample concentration for low-temperature RR was between 30 and
100 uM. The concentration of the EPR samples was 90 uM. The protein concentration was
estimated on the basis of the molar absorptivity, ¢ = 131 mM™ cm™ at 408 nm.

The hydroxyl complex in isotopically enriched water was prepared by adding 5 uL of Ph-
2/2HbO in 0.02 M natural abundance buffer, to 50 uL of 0.1 M CAPS buffer prepared with
D,0 or H,'®0 to obtain a final pD 11.0 and pH 10.9, respectively. Isotopically enriched water
(H,™®0) (95%) and DO (99.8%) was purchased from Cambridge Isotope Laboratories (USA)
and Merck AG (Darmstadt, Germany), respectively. All chemicals were of analytical or reagent
grade and were used without further purification.

Electronic absorption spectra were recorded with a double-beam spectrophotometer
(Varian Cary 5) using a 1-mm quartz cuvette and a 5-mm NMR tube at a scan rate of 600 nm
min™. The RR spectra were obtained using a 5-mm NMR tube and by excitation with the 413.1
nm line of a Kr* laser (Innova 300 C, Coherent, Santa Clara, CA, USA), and the 496.5 mm and
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514.5 nm lines of an Ar+ laser (Innova 90/5, Coherent). The backscattered light from a slowly
rotating NMR tube was collected and focused into a triple spectrometer (consisting of two
Acton Research SpectraPro 2300i working in the subtractive mode, and a SpectraPro 2500i in
the final stage), equipped with a liquid nitrogen-cooled CCD detector (Roper Scientific
Princeton Instruments). Absorption spectra were measured both prior to and after RR
measurements to ensure that no degradation had taken place. The low-temperature experiments
were carried out using an Air Products Displex closed-cycle He refrigerator with automatic
temperature control. For the low-temperature RR measurements, 20 pL of the protein solution
was placed on the copper cold finger of the refrigerator at 90 K, under nitrogen flow, and the
RR spectra were recorded at 12 K. The RR spectra were calibrated with indene, n-pentane,
dimethylsulfoxide, acetonitrile, and carbon tetrachloride as standards to an accuracy of 1 cm™
for intense isolated bands.

All RR measurements were performed several times under the same conditions to ensure
reproducibility. To improve the signal-to-noise ratio, a number of spectra were accumulated
and summed only if no spectral differences were noted. All spectra were baseline corrected.

To determine peak bandwidth and positions, a curve-fitting program (Lab Calc; Galactic)
was used to simulate the spectra using a Lorentzian line shape. The frequencies of the bands
were optimized with an accuracy of 1 cm™* and the bandwidths with an accuracy of 0.5 cm ™.

EPR spectra were recorded with a Bruker Elexys E500, equipped with an NMR
gaussmeter and a microwave frequency counter. An Oxford Instruments ESR 900 cryostat was
used to obtain low temperatures. Spectra were recorded under non-saturating conditions at 5 K,
1 mW microwave power, and 1 mT modulation amplitude. The g-values were determined by

careful visual inspection of the spectra.

Molecular Dynamic Simulations
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Simulations were performed starting from the crystal structure of Ph-2/2HbO reported
herein. Three protein-ligand complexes, displaying CO, hydroxide anion, or molecular O,
ligands bound to the heme-Fe atom, were built and simulated. The ligands were added at the
distal site, bound to Fe(lll) (hydroxide) and to Fe(ll) (carbon monoxide and O;), according to
the equilibrium structure in an isolated model system. Quantum Mechanics (QM) calculations
were performed at the Density Functional Theory (DFT) level (with the Perdew-Burke-
Ernzerhof functional, PBE, and 6-31G** basis sets), taking into account structural features of
the distal-site environment. The charges and parameters of the Fe(l1) heme-hydroxide and the
Fe(Il) heme-CO and heme-O; adducts were determined by the standard procedure, i.e. partial
charges were computed using the restricted electrostatic potential (RESP) recipe and DFT
electronic-structure calculations with the PBE functional and 6-31G** basis sets. The
calculations were performed in the high-spin (HS) state for the hydroxide adduct, and in the
low-spin (LS) state for the oxygenated species. Equilibrium distances and angles, as well as
force constants, were computed using the same methods and basis set used for the computed
charges. The parm99 force field implemented in AMBER12 was used to describe the protein
[67]. The protein complexes were then immersed in a pre-equilibrated octahedral box of ~4910
TIP3P water molecules using the tLEaP module of the AMBER12 package [67]. Periodic
boundary conditions with a 9 A cutoff and Ewald sums were used for treating long-range
electrostatic interactions. The SHAKE algorithm [68] was used to keep bonds involving H
atoms at their equilibrium length, allowing the use of a 2-fs time step for the integration of
Newton’s equations. The temperature and pressure were kept constant with a Berendsen
thermostat and barostat, respectively, as implemented in the AMBER12 package [67]. The His
tautomeric state and protonation (Ne-H, N&-H, His") were carefully analyzed for each of the six
His (His58, His87, His89, His96, His140 and His145), and set to favour the H-bond network
suggested by the experimental crystal structure. The equilibration protocol consisted of (i)

slowly heating the whole system from 0 to 300 K for 20 ps at constant volume, with harmonic
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restraints of 80 Kcal/ mol A? for all Ca atoms, (ii) pressure equilibration of the entire system
simulated for 1 ns at 300 K with the same restrained atoms. After these two steps,
unconstrained 200 ns of MD simulations at constant temperature (300 K) were performed. All
structures were stable during the simulations, as determined by RMSD calculation, depicted in

Figs. S11 and S12.

Analysis of the small ligand migration free-energy profiles along the protein tunnel

The free energy of the CO migration process within the protein matrix was computed by
the ILS approach that uses pre-computed MD simulations in the absence of the ligand and
incorporates it afterwards [69]. This method has been thoroughly tested in heme proteins [70].
ILS calculations were performed in a rectangular grid (0.5 A resolution) that includes the whole
simulation box (i.e. protein and solvent), using the CO molecule as a probe. Calculations were
performed on 5,000 frames taken from the last 180 ns of simulation time. The values for grid

size, resolution and frame numbers have been thoroughly tested in a previous study [70].
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Supporting information

Table S1. Comparison of the EPR spectral parameters of various LS hemoproteins.

Table S2. Vibrational assignment and RR frequencies (cm™) of Ph-2/2HbO at pH 7.6 in the
high-frequency region, based on the curve fitting analysis of the RR spectra in Fig. S2.

Table S3. Vibrational assignment and RR frequencies (cm™) of Ph-2/2HbO at pH 7.6 in the
low-frequency region, based on the curve fitting analysis of the RR spectra in Fig. S3.

Table S4. Vibrational assignment and RR frequencies (cm™) of Ph-2/2HbO at pH 10.7 in the
high-frequency region, based on the curve fitting analysis of the RR spectra in Fig. S4.

Table S5. Vibrational assignment and RR frequencies (cm™) of Ph-2/2HbO at pH 10.7 in the
low-frequency region, based on the curve fitting analysis of the RR spectra in Fig. S5.

Fig. S1. The quaternary assembly of two Ph-2/2HbO chains observed in the crystal asymmetric
unit.

Fig. S2. Curve fittings of the Ph-2/2HbO RR spectra in the high-frequency region shown in
Fig. 5 obtained with excitation at 413.1, 496.5 and 514.5 nm (pH 7.6).

Fig. S3. Curve fittings of the Ph-2/2HbO RR spectra in the low-frequency region shown in
Figure 5 obtained with excitation at 413.1, 496.5 and 514.5 nm (pH 7.6).

Fig. S4. Curve fittings of the Ph-2/2HbO RR spectra in the high-frequency region shown in
Figure 5 obtained with excitation at 514.5 nm (pH 10.7).

Fig. S5. Curve fittings of the Ph-2/2HbO RR spectra in the low-frequency region shown in
Figure 5 obtained with excitation at 514.5 nm (pH 10.7).

Fig. S6. Comparison of the RR spectra of Ph-2/2HbO at pH 7.6 and 10.7 at 298 K and 12 K.
Fig. S7. Low-frequency region RR spectra of alkaline Ph-2/2HbO at 298 K, in H,0O, D,0, and
H,%0 buffered solutions.

Fig. S8. Schematic representation of the X-ray distal heme cavity of Ph-2/2HbO (light orange)

and the average structure obtained by MD simulations in the absence of a distal heme ligand.
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Fig. S9. Time evolution of Fe-O+y,(42)B10 distances for Ph-2/2HbO (black), Mt-2/2HbO (red)
and Tf-2/2HbO (green).

Fig. S10. RMSF (A) for backbone atoms in WT deoxy forms of Ph-2/2HbO (black), Mt-

©CoO~NOUTA,WNPE

2/2HbO (green) and Tf-2/2HbO (red) at 300K. Ph-2/2HbO shows major fluctuations in the EF
12 loop (residues 79 to 83).

14 Fig. S11. Time evolution (ns) of RMSD (A) for the backbone atoms in the deoxy form of Ph-
16 2/2HbO (black), and for OH" heme liganded ferric species (green).

19 Fig. S12. Time evolution (ns) of RMSD (A) for backbone atoms of Ph-2/2HbO hosting CO

21 (blue) and O, (red) as ligands bound to the heme.
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Table 1. Data collection and crystallographic refinement statistics for Ph-2/2HbO.

FEBS Journal

Data collection
Space group

Cell dimensions:
a, b, c(A)

a, B 7 (%)
Wavelength (A)
Resolution (A)
No. reflections
Unique reflections
Rmergeb

1/o(1)
Completeness (%)
Multiplicity

Refinement
Resolution (A)
Rfactor/ Rfree (%)

No. of residues/protein atoms

No. of heme groups

No. of water molecules

B-factors (A?):
Protein

Heme group
Water molecules

RMSD from ideality:

bond lengths (A)
bond angles (°)

Ramachandran plot®:
most favored regions (%)
additional allowed regions (%)

P21212;

42.9,72.3,88.3
90, 90, 90
0.979
72.25-2.21 (2.33-2.21)°
63042
14322
0.102 (0.451)
8.7 (3.1)
99.5 (99.7)
4.4 (4.6)

44.15-2.21
18.3/24.6
248 (2x124, from residue 22 to 145)/2132
2
62

40.1
31.3
38.3

0.015
1.7

94.8
5.2

®Values in parentheses are for highest-resolution shell

"Rinerge = ZhZil Ihi- <In>| /ZnZili.

‘Data produced using the program PROCHECK [17]
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Table 2. Tyrosinate vibrational bands (cm™) of ferric-heme proteins with tyrosinate ligation.

FEBS Journal

Protein Spin state v, (C=C) v, (C=C)  v1,(C-O) v(Fe-Oqyr) Reference
Ph-2/2HbO 6cLS * 1509 1312 590 This work
Chlamydomonas Hb 6¢cLS 1595 1500 1308 502 [23]
Hb M Saskatoon 6CcHS 1607 1504 1300 581/598 [28,29]
Hb M Boston 5cHS 1603 1504 1279 603 [28]
Hb M Iwate 5cHS 1607 1504 1308 588 [28]
Hb M Hyde Park 5cHS 1609 1502 1300 588 [28]
Aspergillus niger 5cHS 1615 - 1245 - [30]
catalase

Shigelladysenteriae 5o 1601 1502 13011265 613 [31]

ShuT

* This band is not observed, as it overlaps those at 1602 cm™ and 1609 cm™ (vs7 and vio)

determined by a curve-fitting analysis (Fig. S2, Table S2).
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Table 3. RR frequencies (cm™) of the v(Fe-OH) modes of various heme proteins at alkaline

pH. The observed isotopic shifts are in parentheses.

Protein 6cHS18 GCLS18 5cHS18 Reference
(D,0, H,**0) (D,0, H,"*0) (D,0, H,**0)
Ph-2/2HbO 528 (+6,-18) 568 (-14,-19) This work
Mt-2/2HbO 446 (nr, 22) 533 (nr, -30) [37]
Tf-2/2HbO 485 (+4, -14) [38]
Mt-2/2HbN 454 (nr,-31) 561 (nr,-28) [39]
Synechocystis 2/2HbS 573 (nr, -24) [40]
Mb (horse heart) 491 (-14,-23) 550 (-12,-25) [36]
Hb (human) 492 (-13,nr) 553 (-9,nr) [36]
HRPC 516 (+6,-19) [36]
H93G Mb (sperm whale) 575 (-13,-24) [41]
Scapharca inaequivalvis Hb 578 (nr,-25) [42]

38



Page 39 of 49

©CoO~NOUTA,WNPE

FEBS Journal

Figure legends

Fig. 1. Ribbon representation of the three-dimensional fold of Ph-2/2HbO. The heme group is
in red and the helices are labelled; proximal His(96)F8 is shown as stick model. Helix A is just
a one-turn helical segment following the N terminus. Note that the presence of the additional

helix @, between helices E and F, is specific for TrHblIs.

Fig. 2. Structure-based sequence alignment of Ph-2/2HbO with members of the TrHbII family
whose crystal structures are available. Helical regions are shaded in grey and the TrHbll-
specific helix @ is indicated; residues (B10, CD1 and G8) specific for TrHblls are in yellow;
HisF8, conserved in the globin superfamily, is in magenta; the Gly-Gly motifs are in cyan. The
main differences (in sequence and structure) are located in the N- and C-terminal regions, and
in the BC, CE, and GH loops.

Fig. 3. (A): Location of distal and exposed cavities throughout the protein matrix in Ph-
2/2HbO, separated by the Ile(65)E7 side chain. The heme group is in red and the cavity system
is highlighted as a pink mesh. The residues defining an alternative access to the heme distal site
are labelled. (B): Heme pocket structure in Ph-2/2HbO. The Figure shows some of the residues
involved in stabilization of the heme through Fe coordination, i.e. His(96)F8, salt bridges
and/or H bonds with Arg(64)E6 and Arg(95)F7. The Figure also displays the protein
environment surrounding the heme-Fe atom coordinated water molecule (W32, shown as a
magenta sphere) in the A subunit. The side chains of residues involved in interactions with the
coordinated water molecule are shown and labelled. The additional water molecule W13
(magenta sphere), that is an integral part of the distal site H-bonded network stabilising the
heme ligand, is also shown.

Fig. 4. Ferric Ph-2/2HbO at pH 7.6 and 10.9. (A): UV-vis absorption (continuous line) and D2
(dotted line) spectra. The visible region has been expanded five-fold. Spectra have been shifted
along the ordinate axis to allow better visualization. (B): X-band EPR spectrum. Spectra were
recorded at 5 K, 9.39-GHz microwave frequency, 1-mW microwave power and 10 G
modulation amplitude. (C, D): RR spectra were recorded with the 413.1-nm excitation
wavelength. Experimental conditions: 15-mW laser power at the sample, 1-cm™ spectral
resolution, average of twelve spectra (C) and four spectra (D) with 600-s integration time. The

intensities are normalized to those of the v; band (678 cm™) (C) and the v4 band (1371 cm™)

(D).
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Fig. 5. RR spectra of Ph-2/2HbO at pH 7.6 and 10.7 at the excitation wavelengths shown.
Experimental conditions: pH 7.6: 413.1 nm, see Fig. 4; 496.5 nm 70-mW laser power at the
sample, 2.4-cm™ spectral resolution, average of 9 spectra with 600-s integration time (high
frequency), average of 36 spectra with 600-s integration time (low frequency); 514.5 nm, 140-
mW laser power at the sample, 2.2-cm™ spectral resolution, average of 4 spectra with 600-s
integration time (high frequency); average of 18 spectra with 600-s integration time (low
frequency); pH 10.7: 514.5 nm, average of 15 spectra with 600-s integration time (high
frequency); average of 36 spectra with 600-s integration time (low frequency). The tyrosinate
modes are in blue. The asterisks indicate bands due to the alkaline buffer CAPS. The 6(H-O-H)
water bending mode has been subtracted from the spectra taken in the visible region.

Fig. 6. (A and C): low-frequency region RR spectra of alkaline Ph-2/2HbO, at 12 and 298 K,
respectively, obtained in H;O, D;O, and H,'®0 buffered solutions. (B and D): difference
spectra, H,0-D,0, D,0-H,'®0, and H,0-H,™0, at 12 and 298 K, respectively. Experimental
conditions as in Figure 4; 298 K: average of 12 spectra with 600 s integration time (H,O, D,0),
average of 4 spectra with 600 s integration time (H,'%0); 12 K: average of 12 spectra with 600 s

integration time.

Fig. 7. RR spectra of ferric Ph-2/2HbO at pH 7.6 (blue), 8.5 (magenta) and 10.9 (black).
Experimental conditions as in Fig. 4. Average of twelve spectra (A) and four spectra (B) with
600-s integration time. The intensities are normalized to those of the v; band (678 cm™) (A)
and of the v, band (1371 cm™) (B). The red arrows indicate the changes in relative intensity or

frequency upon raising pH.

Figure 8 Schematic representation of the distal heme cavity of Ph-2/2HbO with CO (A) and O,
(B) ligands stabilized by H-bonds. Time evolution of X-Ntrpgs (black) and X-Oryg10 (red)
distances showing H-bond network interactions during the timescale of simulation for X=CO

(C) and X=0, (D) are also shown. Distances are in A.
Figure 9 Schematic representation of the heme distal pocket, the open E7 tunnel, and the cavity

system of Ph-2/2HbO along the MD simulation (violet surface), superimposed on the crystal

structure (light orange atoms and yellow cavity).
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