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While the functions of the recently discovered cytoglobin, ubiquitously expressed in vertebrate tissues,
remain uncertain, Antarctic fish provide unparalleled models to study novel protein traits that may arise
from cold adaptation. We report here the spectral, ligand-binding and enzymatic properties (peroxyni-
trite isomerization, nitrite-reductase activity) of cytoglobin-1 from two Antarctic fish, Chaenocephalus
aceratus and Dissostichus mawsoni, and present the crystal structure of D. mawsoni cytoglobin-1. The
Antarctic cytoglobins-1 display high O, affinity, scarcely compatible with an O,-supply role, a slow rate
constant for nitrite-reductase activity, and do not catalyze peroxynitrite isomerization. Compared with
mesophilic orthologues, the cold-adapted cytoglobins favor binding of exogenous ligands to the hexa-
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coordinated bis-histidyl species, a trait related to their higher rate constant for distal-His/heme-Fe disso-
ciation relative to human cytoglobin. At the light of a remarkable 3D-structure conservation, the observed
differences in ligand-binding kinetics may reflect Antarctic fish cytoglobin-1 specific features in the
dynamics of the heme distal region and of protein matrix cavities, suggesting adaptation to functional
requirements posed by the cold environment. Taken together, the biochemical and biophysical data pre-
sented suggest that in Antarctic fish, as in humans, cytoglobin-1 unlikely plays a role in O, transport,

rather it may be involved in processes such as NO detoxification.
© 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cytoglobin (Cygb) is a 21-kDa heme-protein belonging to the
globin superfamily that is ubiquitously expressed in vertebrate tis-
sues. It has been proposed to be involved in: (i) O, supply to mito-
chondrial respiration [42,50], (ii) nitric-oxide (NO) scavenging
through its dioxygenase activity [40], (iii) nitrite reduction and
NO generation under anaerobic conditions [53], (i») modulation
of NO levels and metabolism in the vascular walls [55-56], () cell
protection against nitrogen- and oxygen-reactive species [52], and

2001-0370/© 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2020.08.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.csbj.2020.08.007
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:cinzia.verde@ibbr.cnr.it
mailto:c.verde@ibp.cnr.it
https://doi.org/10.1016/j.csbj.2020.08.007
http://www.elsevier.com/locate/csbj

D. Giordano et al./ Computational and Structural Biotechnology Journal 18 (2020) 2132-2144 2133

(vi) fibrotic disorders [23,62,71]. Moreover, Cygb may function as
tumor suppressor [63-64,77], and as potential tumor promoter
in cells under stress [64].

In contrast to mammals, where Cygb occurs as a single-copy
gene, in teleosts (e.g. Danio rerio, Oryzias latipes, Tetraodon nigrovir-
idis, and Takifugu rubripes), two distinct paralogous Cygb genes
(Cygb-1 and Cygb-2) were found, suggesting sub-functionalization
of the two proteins after gene duplication [34]. Although both Cygb
mRNAs find broad expression in many tissues, high levels of Cygb-
2, also known as neuronal Cygb, were detected in brain and retina
of D. rerio [34]. Cygb-2 is more closely related to mammalian Cygb
than Cygb-1, with 67% sequence identity and 84% similarity,
whereas Cygb-1 shares only 49% sequence identity and 78% simi-
larity with human Cygb (CYGB) [34].

Similar to human neuroglobin (NGB) [66], the heme iron atom
of CYGB - as well as of all mammalian orthologs - is hexa-
coordinated [25-26], being ligated to distal HisE7 and proximal
HisF8 residues, both in the Fe(Il) and Fe(Ill) states. In contrast, D.
rerio Cygb-1 was found in the penta-coordinated state, more stable
in the Fe(ll) form, whereas D. rerio Cygb-2 exhibits hexa-
coordination [22]. The slower autoxidation rate and a possible role
as nitrite reductase of D. rerio Cygb-1 led to the conclusion that the
two D. rerio paralogs might have acquired different biological func-
tions after gene duplication, with Cygb-1 exhibiting properties
consistent with an O, carrier role [22].

Cygb-1 mRNA was recently also detected in some Antarctic
notothenioid fish species: in the retina and liver of Dissostichus
mawsoni, in the brain and liver of Chaenocephalus aceratus [24],
in the muscle of Chionodraco hamatus [21] and in the retina, brain
and gills of Trematomus bernacchii and C. hamatus (D. Giordano,
personal communication). The Cygb-2 gene was annotated in the
genome sequence of the red-blooded Antarctic fish Notothenia cori-
iceps  (http://www.ncbi.nlm.nih.gov/nuccore/XM_010778246.1),
and transcripts of Cygb-2 were also found in the brain, retina
and gills of T. bernacchii and C. hamatus. In the latter species
Cygb-1 and Cygb-2 display different expression levels in tissues
exposed to hypoxia, thus supporting their involvement in specific
and different functions (D. Giordano, personal communication).

One of the most important driving forces in the evolutionary
adaptations of Antarctic marine organisms is the enhanced O, sol-
ubility in the cold waters of the Southern Ocean. These environ-
mental conditions promote the buildup of high reactive oxygen
species (ROS) levels and related reactive nitrogen species (RNS),
suggesting that cold-adapted organisms must develop effective
defense mechanisms against oxidative and nitrosative stress. Evo-
lutionary gain of new genes, changes in expression patterns, and
loss of genetic information, especially in icefish, also reflect the
specialization of Antarctic organisms to a narrow range of low tem-
peratures. Remarkably, the red-blooded notothenioids can survive
in these waters even though their blood hemoglobin (Hb) is poi-
soned by CO [27].

Modern Notothenioidei (icefish) belonging to the family Chan-
nichthyidae appear to be the end result of an extraordinary natural
experiment, as they are the only vertebrates known to lack red
blood cells and functional Hb genes, and hold the exceptional
physiological features adopted by organisms permanently adapted
to low temperatures [17]. Icefish may afford lack of myoglobin
(Mb) and Hb through exploitation of high O, solubility and low
metabolic rates in the cold, where an enhanced fraction of O, sup-
ply occurs through diffusive O, flux. The homeostatic activity of NO
probably facilitates the evolution of some compensatory charac-
ters. It was suggested that the evolution of the cardiovascular
adaptations was “jump-started” by homeostatic NO response,
leading to the hypothesis that in icefish other proteins (namely
the tissue globins) may play the primary function of regulating
NO degradation [74]. Six species, including C. aceratus, also lack

Mb in skeletal muscle and heart [75]. Although the evolutionary
pressure is against the maintenance of O,-binding proteins, they
have retained Ngb [18] and Cygbs [24], thus suggesting that selec-
tive pressure kept alive the expression of proteins involved in NO
detoxification in NO-active tissues.

Cygb-1 cDNAs of the red-blooded fish D. mawsoni (family
Notothenidae) and of the related icefish C. aceratus (family Chan-
nichthyidae), which lacks both Mb and Hb, were cloned from retina
and brain, respectively, over-expressed and characterized by Elec-
tron Paramagnetic Resonance, Resonance Raman and optical
absorption spectroscopy [24]. The two Antarctic fish Cygbs-1 are
composed of 179 amino acids, with mutual sequence identity of
98%. Although the Antarctic fish proteins display features in com-
mon with CYGB, e.g. hexa-coordination in the Fe(Il) and Fe(lII)
forms, structural/dynamic properties of the heme pocket may
account for the small differences observed in their redox potentials
[24]. Furthermore, while in CYGB, similar to NGB, the integrity of
an internal disulfide bond affects conformation, reactivity
[41,51], and dimerization [12], in cold-adapted fish Cygbs-1 the
available Cys residues are too far apart for an intramolecular disul-
fide bond [24]. Nevertheless, covalent and non-covalent oligomers
(up to pentamers) were found in Antarctic fish Cygbs-1, and asso-
ciation was shown to affect the heme-pocket environment [24].

Antarctic fish belonging to the suborder of Notothenioidei are
excellent models, within vertebrates, to study the biological
responses to low temperature [28,37,65]. Notothenioidei are tele-
osts largely endemic to the Southern Ocean where the tempera-
tures on the shelf are constant, ranging from —1.9 to —1.7 °C
throughout the water column [29]. Due to low temperature, the
reduced thermal energy and the increased viscosity of water slow
down all reaction rates, and may impact protein dynamics. Over
the course of many million years, notothenioids developed many
physiological and biochemical features in response to low temper-
ature, proteins being the main target of adaptation mechanisms
[28]. In this context, a thorough comparison of the functional and
structural properties of cold-adapted Cygbs-1 vs CYGB may help
us gain insight into the evolutionary adaptations of O, transport
processes and protein-mediated ligand reactivity. To this end, we
investigated the spectral, ligand binding, and enzymatic properties
of Cygb-1 from C. aceratus (C.aceCygb-1) and from D. mawsoni (D.-
mawCygb-1), together with the crystal structure of D.mawCygb-1.
These data are presented here, for the first time, in a structure-
function comparative analysis between cold-adapted Cygbs-1
and human CYGB.

2. Materials and Methods
2.1. Protein expression and purification

D.mawCygb-1 and C.aceCygb-1 were cloned from retina and
brain tissues, respectively, and the recombinant proteins and their
mutants (D.mawCygb-1* and C.aceCygb-1*), where Cys residues
were replaced by Ser (Cys38Ser/Cys160Ser double mutants), were
expressed and purified, as previously described [24].

2.2. 0, affinity

0,-binding curves of Fe(Il) C.aceCygb-1 and D.mawCygb-1, as
well as CYGB for comparison, were measured in 100 mM sodium
phosphate, 1 mM EDTA, 5 mM DTT, 5 mM sodium ascorbate,
3000 U/ml catalase at pH 7.0, at 20 °C. Cygbs were at 30 uM con-
centration. A minimal amount of an antifoam agent (Antifoam
204, Sigma-Aldrich) was also added. O, partial pressures in the
range 0-7 Torr were generated with an Environics 4000 gas mixer
by mixing pure helium with 0.187% and 1.19% O,/helium mixtures.
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The protocol was modified from previous applications [68] by bub-
bling the humidified gas mixture directly into the protein solution
until equilibration was reached. Spectra were analyzed in the 380-
480 nm range as a linear combination of reference spectra, i.e. the
spectra of the pure deoxy and oxy forms [68]. The absorption spec-
tra of the deoxyCygb forms were collected in the presence of 1 mM
sodium dithionite, whereas those of the oxyCygb forms were col-
lected after exposure to 7 Torr O,. In the presence of sodium ascor-
bate and catalase, which slowly reduces the oxidized heme, the Fe
(1) form was stable enough to allow for the equilibration of each
sample at 5 different O, partial pressures with negligible formation
of metCygb. Reversibility of the oxygenation was tested for each
experiment.

2.3. Kinetics studies

Flash-photolysis and stopped-flow measurements were per-
formed to gain insight into the kinetics of ligand rebinding and
the equilibrium between bis-hystidyl hexa-coordinated and
penta-coordinated states, respectively.

For the study of CO-rebinding kinetics, flash-photolysis experi-
ments were performed using a laser photolysis system (Edinburgh
Instruments LP920) with a frequency-doubled Q-switched Nd:YAG
laser (Spectra Physics Quanta-ray, 532 nm). Temperature-
dependent experiments were performed at 10, 20 and 40 °C on
solutions equilibrated with CO pressures of either 1 atm or
0.1 atm on a home-made laser flash photolysis setup that was pre-
viously described [1]. CO-bound samples were prepared in sealed
4x10 mm quartz cuvettes containing 1 ml of 100 mM potassium
phosphate buffer, 1T mM EDTA at pH 7.0. The buffer was
equilibrated with mixtures of CO and N, at different ratios to
obtain different CO concentrations (200, 400, 600 and 800 pM),
using a High-Tech system (Bronkhorst). A saturated sodium
dithionite solution (10 ul) was added to the buffer to scavenge
residual O,. Protein was injected in a minimum amount to a final
concentration of approximately 5 pM. The CO-ligated form was
verified by UV/Vis spectroscopy. Recombination of photo-
dissociated CO was monitored following the absorbance changes
at 436 nm. At this wavelength, the absorbance change reflects only
the spectral difference between the deoxy- and the carboxy- spe-
cies, thus providing a measure of the concentration of deoxy-
molecules as a function of time. At 436 nm, the spectral contribu-
tion of the bis-histidyl, hexa-coordinated species is negligible as
demonstrated in other similar proteins [1]. Singular Value
Decomposition of the spectral evolution after photolysis of other
hexa-coordinated Hbs demonstrated that at 436 nm only the
deoxy-carboxy spectral change contributes to the observed signal.
However, it should be emphasized that the kinetics will any way
reflect all reaction steps modulating rebinding of CO to the heme,
including formation and decay of the bis-histidyl, hexa-
coordinated intermediate. Data preprocessing was conducted as
described [1]. Analysis of the kinetics with a sum of three exponen-
tial decay functions was performed using Origin (OriginLab Corpo-
ration, Northampton, MA, USA). From the lifetimes t;, apparent
rates k; = 1/t; were calculated, and konco was determined from
the CO concentration dependence of the observed rate constant
for the bimolecular phase. In order to improve confidence on
retrieved parameters, kon, co values obtained at each temperature
from laser flash photolysis were used in the data fitting.

Stopped-flow studies were performed to determine the associ-
ation and dissociation rate constants of distal His, konpis and korr,
His, Tespectively. Stopped-flow measurements were performed at
10, 20, and 40 °C in 100 mM degassed potassium phosphate buffer
and 1 mM EDTA at pH 7.0, by using a thermostated stopped-flow
apparatus (Applied Photophysics, Salisbury, UK). Sodium dithionite
was added to both the protein and the CO solutions to a final

concentration of 5 mM. Measurements were carried out at
418 nm. 5 uM protein solution was mixed with different CO con-
centrations (50, 100, 150, 200, 250 and 400 uM final concentra-
tions). Analysis was performed using Origin (OriginLab
Corporation, Northampton, MA, USA). Progress curves were fitted
using an exponential decay. The observed rate constants k,,s were
then plotted vs CO concentration to retrieve kop yis and kogr yis from
the expression of the observed rate k,ps for CO binding to hexa-
coordinated Cygbs-1 [20].

2.4. Enzymatic studies

The enzymatic properties of Cygbs-1 were examined consider-
ing two chemical processes: the isomerization of peroxynitrite,
and the nitrite-reductase activity.

Kinetics of peroxynitrite isomerization, in the absence and pres-
ence of CaceCygb-1-Fe(lll) and D.mawCygb-1-Fe(lll), were
recorded at 302 nm (& = 1.705 x 103 M~! cm™!) by rapidly mixing
the buffer solution (1.0 x 10~ M bis-Tris-propane buffer, pH 7.4)
or the Antarctic Cygbs-1-Fe(Ill) (C.aceCygb-1 final concentration,
5.0 x 107 M to 2.5 x 107> M and D.mawCygb-1 final concentra-
tion 40 x 10°° M to 20 x 10> M; 1.0 x 10°" M bis-Tris-
propane buffer, pH 7.4) with the peroxynitrite solution (final con-
centration, 2.5 x 10~% M) [8,38,45-46].

Values of the pseudo-first-order rate constant for peroxynitrite
isomerization, in the absence and presence of C.aceCygb-1-Fe(III)
and D.mawCygb-1-Fe(Ill), (i.e. k) were determined from the analy-
sis of the time-dependent absorbance decrease at 302 nm, accord-
ing to Eq (1):

[peroxynitrite], = [peroxynitrite], x e~ **! (1)

With regard to nitrite reductase activity, kinetic data were
obtained by rapid mixing the C.aceCygb-1-Fe(Il) or D.mawCygb-1-
Fe(Il) solutions (final concentration 3.8 x 107 M and 3.6 x 10~
M, respectively) with the NO3; solution (final concentration
2.0 x 1073 M to 2.0 x 1072 M for C.aceCygb-1, and 1.5 x 107> M
to 2.0 x 1072 M for D.mawCygb-1), in the presence of sodium
dithionite (final concentration 2.0 x 107> M) at pH 7.4 (5.0 x 102
M bis-Tris-propane buffer) and 20 °C. Na,S,04 concentration lower
than 5.0 x 10> M does not effectively reduce NO3 to NO [39]. Kinet-
ics were monitored between 370 and 460 nm. No gaseous phase
was present.

Kinetics of NO3-mediated conversion of C.aceCygb-1-Fe(Il) and
D.mawCygb-1-Fe(Il) to Fe(Il)-NO was analyzed in the framework
of the minimum reaction Scheme 1 [9,11,39,47-48,67,73,76,78-
79].

Values of the pseudo-first-order rate constant for the
NO3z-mediated conversion of C.aceCygb-1-Fe(Il) and D.mawCygb-
1-Fe(Il) to Fe(II)-NO (i.e., k) were determined from data analysis,
according to Eq (2):

[Cygb — 1 — Fe(Il)], = [Cygb — 1~ Fe(I)]; x e~ 2)

Values of the second-order rate constant for the NO3-mediated
conversion of Antarctic Cygbs-1-Fe(Il) to Fe(I[)-NO (i.e., kon) were
obtained from the dependence of k on the NO3 concentration
(i.e., [NO3]), according to Eq (3):

k

on

Cygb-1-Fe(Il) + NO,~ + H* — Cygb-1-Fe(III) + NO + OH-

fast
Cygb-1-Fe(IIl) + Na,S,0, + NO — — Cygb-1-Fe(I[)-NO

Scheme 1.
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k =kon x [NO;™—] 3)

The value of ko, refers to the interaction of NO3 with C.aceCygb-
1-Fe(Il) and D.mawCygb-1-Fe(Il), under the general assumption
that this process is the rate-limiting step of the overall reaction
(Scheme 1).

2.5. Crystallographic and molecular dynamics structural analyses

D.mawCygb-1* crystals grew at 293 K after several weeks using
the hanging-drop vapor-diffusion setup under the following crys-
tallization conditions: 2 M ammonium sulfate, 0.1 M Tris, pH 8.5.
D.mawCygb-1* crystals were transferred to a 2.5 M ammonium
sulfate stabilizing solution, supplemented with 20% (v/v) glycerol
for cryoprotection, before data collection. X-ray diffraction data
were collected at the ESRF (Grenoble, France - Beam line ID23-1)
up to 3.0 A resolution, reduced and scaled using XDS [49] and Scala
[30].

D.mawCygb-1* 3D structure was solved by Molecular Replace-
ment using Phaser [60], taking the CYGB 3D structure as search
model (PDB code: 1TUMO). The protein structure was refined with
Refmac [61] to a final R-factor and R-free values of 18.9% and
24.5%, respectively. The D.mawCygb-1* atomic coordinates have
been deposited in the Protein Data Bank (www.rscb.org) with
access code 6Q6P.

Molecular Dynamics (MD) simulations of D.mawCygb-1 in the
hexacoordinated bis-histidyl and ligand-bound states were per-
formed with the AMBER14 package [16]. Simulations were per-
formed at 283 and 298 K, keeping the pressure at 1-bar, using
Berendsen thermostat and barostat. The proteins were simulated
in the ligand bound form for 1.5 ps at each temperature. The
ffo9SBildn [54] force field was used for all protein residues,
whereas previously developed and thoroughly tested parameters
were used for the heme [59]. Every complex was immersed in an
octahedral box of TIP3P water molecules and counter ions were
added to neutralize the system. A minimum distance of 12 A
between any atom of the protein and the box limits was used to
define the size of the simulated system. The system was energy
minimized following a three-step protocol that involved first the
hydrogen atoms of the protein, then the water molecules, and
finally the whole system. At this point, the system was thermalized
to 283.15,298.15 and 313.15 K in 4 steps of 50 ps each from an ini-
tial temperature of 100 K. The last snapshot from the thermaliza-
tion procedure was used as starting point for MD simulations
using the NPT ensemble, a 2 fs time-step, periodic boundary condi-
tions and keeping frozen all the bonds implying hydrogen atoms
using SHAKE. Frames were collected at 1-ps intervals, taking the
last 250 ns of every MD, which were subsequently used to analyse
the trajectories.

The topology of inner cavities in the X-ray structure was deter-
mined with CAVER [19], using the default minimum radius of the
probe, which is set to 0.9 A. This allows to identify small pockets
in the interior of the protein, which may be apt to bind single
atoms (i.e., Xe atoms, with an atomic volume close to 40 A3). In
contrast, the occurrence of inner cavities and tunnels originated
from protein fluctuations along the MD simulation was examined
with MDpocket [72]. In this case, computational analyses were
performed for the snapshots sampled in the last 250 ns of the tra-
jectory using the default parameters that set the minimum radius
of the probe to 3.0 A, thus avoiding searching for too small pockets,
and facilitating the identification of putative tunnels connecting
inner cavities, or even access from the protein surface.

Finally, following previous studies [82-84], a series of 20 inde-
pendent MD simulations were run to explore the migration of an
unrestrained diatomic ligand through the interior of the protein
matrix. Simulations were started from the last snapshot of the tra-

jectory run for the ligand-bound hexa-coordinated state of C.ace-
Cygb-1. The ligand was described using a three-site model [85]
and was placed at random positions around the inner distal edge
of the heme. MD simulations were run up to 50 ns at 283.15 K
using the same conditions described above.

3. Results
3.1. Spectral properties and O, affinity

The Fe(Ill) forms of C.aceCygb-1 and D.mawCygb-1 show the
Soret band at 415 nm and the B and o Q-bands at 531 and
562 nm, respectively [24], typical of hexa-coordinated bis-histidyl
species, as previously observed in Fe(Ill) CYGB [69]. The Fe(II) oxy-
genated forms of CaceCygb-1 and D.mawCygb-1 have the Soret
band at 420 nm, the B Q-band at 536 nm and a shoulder corre-
sponding to the o Q-band at 563 nm (Supporting Information
Figure S1). Upon exposure to helium for 3 h in the presence of
5 mM ascorbate and 3000 U/ml catalase, the spectrum of a typical
internally hexa-coordinated heme is observed, with absorption
maxima at 425 nm for the Soret band and 531 and 559 nm for
the Q bands, as reported for the Fe(Il) deoxy Cygb forms [24].
The spectra were identical to those obtained in the presence of
1 mM sodium dithionite (data not shown).

The binding isotherms fitted to the O,-binding curves of C.ace-
Cygb-1, D.mawCygb-1 and CYGB were determined by equilibrating
the protein solution with O,\helium mixtures at different O, par-
tial pressures at 20 °C and pH 7.0. The analysis of the binding
curves (Fig. 1) yielded p50 (O, partial pressure required to achieve
half saturation) values of 0.08 + 0.01 and 0.13 + 0.02 Torr, for C.ace-
Cygb-1 and D.mawCygb-1 respectively, which are 1.8- and 2.9-fold
larger than the p50 value for CYGB measured under the same
experimental conditions (0.045 + 0.006 Torr). This finding is con-
sistent with the general observation that cold-adapted globins
exhibit lower O, affinity relative to their mesophilic counterparts
(28 and references within, [32].

3.2. CO-binding kinetics

Nanosecond laser-flash photolysis experiments using the CO
model ligand were performed to determine the rate constants for
binding of exogenous ligands to the heme, estimate the rate of
escape to the photodissociated ligand to the solvent, and assess
the competition with the internal distal His ligand.

The CO-rebinding kinetics of Cygb-1 solutions were recorded as
a function of CO concentration and temperature at pH 7.0 (repre-
sentative kinetics at 20 °C are shown in Fig. 2). The observed kinet-
ics for D.mawCygb-1, C.aceCygb-1 and CYGB show the same
general properties, with three kinetic phases clearly distinguish-
able. Experiments on D.mawCygb-1 and C.aceCygb-1 treated with
dithiothreitol (DTT) to reduce the disulfide bridges yielded results
indistinguishable from those obtained with untreated samples, and
from those obtained with the mutants D.mawCygb-1* and C.ace-
Cygb-1* (data not shown), suggesting that the intermolecular
disulfide bridges, responsible only in part for their oligomerization
[24], do not affect the kinetic properties of Antarctic Cygbs-1.

From the CO-concentration dependence and steady-state
absorption of the CO-bound and ligand-free Cygb samples, the nat-
ure of the three exponential decays can be identified as follows
(Scheme 2). The geminate rebinding, with a CO-independent rate
and amplitude, is observed on the nanosecond time scale. The
bimolecular rebinding to the penta-coordinated Cygb (Cygb,) can
be identified with a CO-dependent rate and amplitude on the long
microsecond-to-millisecond time scale. However, the CO rebinding
is competitive with the formation of the hexa-coordinated
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Fig. 1. O,-binding curves of CYGB (closed circles), C.aceCygb-1 (closed triangles)
and D.mawCygb-1 (open circles) at 20 °C in 100 mM sodium phosphate, 1 mM
EDTA, 5 mM DTT, 5 mM sodium ascorbate, 3000 U/ml catalase at pH 7.0. The
experimental points are the fractional saturations, determined by analysis of the
spectra at each O, partial pressure as a linear combination of the deoxy and oxy
spectra in the range 380-480 nm. The lines present fittings of the experimental
points to binding isotherms. p50 values of 0.08 + 0.01, 0.13 = 0.02 and
0.045 + 0.006 Torr were determined for C.aceCygb-1, D.mawCygb-1 and CYGB,
respectively.
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Fig. 2. CO-rebinding kinetics of D.mawCygb-1 (panel A, blue) and C.aceCygb-1
(panel B, red) solutions equilibrated in 100 mM potassium phosphate buffer, 1 mM
EDTA at pH 7.0, at 800 uM CO (solid lines) and 200 uM CO (dotted lines), and CYGB
(panel C, green) equilibrated at 1 mM CO (solid line) and 100 uM CO (dotted lines),
at 20 °C [35]. Data are reported as the progress curve representing the fraction of
deoxy molecules, N(t), as a function of time after photolysis. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

bis-histidyl species (Cygb;,). Therefore, the last phase, occurring on
the long milliseconds, corresponds to the distal His dissociation
from the heme, concomitant with the full rebinding of CO to the
heme. There is no indication of rebinding on faster time scales, as
the overall absorbance change at the end of the laser pulse is
roughly equal to the expected difference between carboxy- and
deoxy- species. To completely rule out the existence of rebinding
phases in the picosecond time scale, pump-probe experiments
with sub-nanosecond excitation would be necessary and are
beyond the scope of this general kinetic characterization.

The response of the rebinding curves to temperature shows the
typical behavior observed for similar proteins. The amplitude of
geminate rebinding decreases at increasing temperatures with a
concomitant increase in the apparent rate. The bimolecular rebind-
ing phase undergoes an increase in rate with temperature, but the
increasing level of hexa-coordination suggests that the rate of His
binding to the heme has a larger activation energy. Finally, His dis-
sociation from the heme speeds up remarkably at increasing
temperature.

CO binding to Cygb, was also investigated by stopped flow
experiments as a function of CO concentration and temperature
(Supporting Information Figure S2), this process being well
described by a single exponential relaxation. The observed rate k,ps
for CO binding to the hexa-coordinated Cygbs is given by Eq (4)
[20]:

_ korr miskon.co [CO]
kOFF,HlS + kON,HIS + kON,co[CO]

kobs (4)

where the overall rebinding rate to Cygb, (kon,co) is related to
microscopic rates k_;, k,, and k_, (Scheme 2; values given in Sup-
porting Information Table S1) as noted in Eq (5):

()

k,]
kon.co = k_» m

The integrated analysis of the kinetics yielded the koy co, kon,nis»
and kogr is (see Materials and Methods). The bimolecular rate con-
stants of CO binding at 20 °C to penta-coordinated species (kon,co)
are similar in D.mawCygb-1 and C.aceCygb-1 (Table 1), with values
only slightly smaller than in CYGB [35,51,80]. Data in Table 1 also
show that the rate constants for His binding (kON,His) are similar
in cold-adapted globins and CYGB. However, the rate constants
of His dissociation (korgpis) are remarkably larger in D.mawCygb-
1 and C.aceCygb-1 than in CYGB over the whole temperature range
investigated (Supporting Information Figure S3). As a conse-
quence, the resulting equilibrium binding constant (Kj;) is much
lower in D.mawCygb-1 and C.aceCygb-1 than in CYGB. The values
of kops, which afford an estimate of the apparent ligand-binding
rate to hexa-coordinated proteins, at 20 °C (assuming
[CO] = 1 mM; Table 1) are 28 s~! in C.aceCygb-1 and 34 s~' in D.-
mawCygb-1, much higher than in CYGB (1.8 s~!) [35]. Due to the
very different temperature dependencies (Supporting Informa-
tion Figure S3), the linear regression extrapolation to the physio-
logical temperatures experienced by the Antarctic fish (around
0 °C) indicates that the distal His dissociation rates for D.maw-
Cygb-1 and C.aceCygb-1 become more similar to that of CYGB, thus
resulting in closer, although not identical, equilibrium binding
constants.

The overall geminate rebinding rate ke, is defined as
kgem = k2 + k_7, and the amplitude Fgp, is related to rate constants
in Scheme 1 through Eq (6):

k4

Foem = 7kt

< 100 (6)



D. Giordano et al./Computational and Structural Biotechnology Journal 18 (2020) 2132-2144

h

CyghCO

k

— Cygh,:CO : Cygh, +CO

2137

ON .His
e

“M Cygh, +CO

KOFF ,His

Scheme 2. Kinetic model for the analysis of the CO-rebinding kinetics to Cygb after nanosecond laser photolysis. Cygb, and Cygb,, stand for penta- and bis-histidyl hexa-
coordinated species, respectively. Cygb,: CO is the photodissociated Cygb in the penta-coordinated state, with CO still within the protein matrix.

Table 1
Kinetic parameters of Antarctic fish Cygbs-1 and CYGB at 20 °C.

kON,CO (HM71 571)A kgem(]o7 571) A Fgem (%)A kON,His(571) B kOFF,His(571) Be Kflis ’<obs(571)D
D.mawCygb-1 34+03 5.0 £ 0.5 38+3 149 + 16 25+1 6.4 +0.9 28
C.aceCygb-1 27+03 6.8 £0.5 4743 137+ 16 38+1 47+08 34
CYGBE 6.5+ 0.5 5005 27+5 149 1.8 83 1.8
AData from laser flash photolysis
BData from stopped flow
“The rate korrpis is identical to that obtained from fitting of the slowest kinetic phase in flash photolysis.
Pcalculated for CO = 1 atm.
EData from [35].
The amplitudes of geminate rebinding in C.aceCygb-1 and in Table 2
D.maWCygb—l are only slightly larger than in CYGB (Table 1 ) The Overview of the activation free energies AG' (kcal/mol) calculated at 20 °C.
estimated exit rate k, appears a little lower in C.aceCygb-1 and D.mawCygb-1 C.aceCygb-1 CYGB
D.mawCygb-1 than in CYGB, a fact that favors geminate rebinding )
; ' ST Kgem 7+1 7+1 6.9+0.2
to solvent escape. Since the rate for the innermost binding step Kon, co 13 £1 13+1 79402
(k.7) is similar, the lower probability of escape to the solvent (k) Kok, His 153+ 03 15.1 £ 0.2 16.3 £ 0.1
in the cold-adapted proteins could arise from topologically or Kon, His 14202 142 £ 0.1 141202

dynamically hindered escape route through the articulated tun-
nels, connecting the distal pocket with the solvent (see below).

The activation free energies (Table 2, calculated at 20 °C) were
estimated from the temperature dependence of the rate constants
reported in Table 1 using the Eyring expression (In(hk;/kgT) = AS'/
R — AH'[RT, where AS' is the activation entropy, AH' is the activa-
tion enthalpy, h is the Planck’s constant, kg is the Boltzmann con-
stant, and R is the gas constant. The activation free energy
barriers for geminate rebinding are quite similar (about 7 kcal/mol)
and comparable to the one determined for CYGB [35]. However,
the free energy barrier for konco in CYGB is substantially smaller
than those in D.mawCygb-1 and C.aceCygb-1, leading to faster CO
rebinding to the penta-coordinated species in the human protein
(see Table 1 and Fig. 2).

The free-energy barriers for binding and dissociation of the dis-
tal His are quite similar in D.mawCygb-1 and C.aceCygb-1. The
energy barrier for His dissociation (~15.2 kcal/mol) is larger by
about 1.0 kcal/mol than that for His binding (~14.2 kcal/mol).
The free-energy barrier for His binding in CYGB is almost identical
(14.1 kcal/mol), whereas the barrier for His dissociation is larger
(16.3 kcal/mol), which leads to slower decay of the bis-histidyl
hexa-coordinated species in Fig. 2C.

3.3. Enzymatic functionality

Peroxynitrite, the product of the reaction between NO and
superoxide is a reactive and short-lived species that promotes
oxidative molecular and tissue damage. The harmful effects of per-
oxynitrite and related reactive species are decreased by hemopro-
teins that are pivotal for scavenging peroxynitrite in vivo to protect
cells from its detrimental effect [7] and references within). To eval-
uate whether the Antarctic proteins are involved in scavenging of
RNS, we measured their ability to catalyze the isomerization of
peroxynitrite, as well as their nitrite-reductase activity.

As reported for Fe(lll) hexa-coordinated NGB [44]) and horse-
heart cytochrome c [4-5|,D.mawCygb-1-Fe(Ill) and C.aceCygb-1-
Fe(Ill) do not catalyze peroxynitrite isomerization (Fig. 3), which
in turn appears to be a common feature of penta-coordinated Fe
(III) heme proteins [2-6,44]. On the other hand, D.mawCygb-1-Fe

(I1) and C.aceCygb-1-Fe(Il) catalyze the conversion of NO; to NO
with concomitant nitrosylation of the metal center (Fig. 4), as in
both Fe(ll) penta- and hexa-coordinated hemoproteins
[22,43,48,53,67,76,78-79] (Table 3).

The NO3-mediated conversion of D.mawCygb-1-Fe(Il) and C.ace-
Cygb-1-Fe(Il) to Fe(II)-NO corresponds to a monophasic process,
and values of the pseudo-first-order rate constant (i.e. k) increase
linearly with the NO3 concentration (Fig. 4). The analysis of data
shown in Fig. 4 (Eq (3); see Materials and Methods) allowed the
determination of k,, values (corresponding to the slope of the lin-
ear plots) for the NO3-mediated nitrosylation of D.mawCygb-1-Fe
(11) and C.aceCygb-1-Fe(Il), leading to values of (3.1 + 0.3) x 107!
M~'s1and (2.8+0.2) x 107 M~!s~!, respectively. The formation
of the transient D.mawCygb-1-Fe(lll) and C.aceCygb-1-Fe(Ill) spe-
cies (Scheme 1), which are quickly converted to Cygb-1-Fe(Il) by
dithionite, is the rate-limiting step of NO3-mediated conversion
of Cygb-1-Fe(lI) to Fe(II)-NO.

Values of the apparent second-order rate constant for the nitrite
reductase activity of ferrous heme-proteins and heme model com-
pounds (i.e. kon) range between 1072 M~! s~! and 10> M~ ! s,
reflecting the different structural features of the heme pocket
and/or the structural arrangement of the energetic barriers along
the ligand pathway toward the heme [10].

3.4. Structural analysis of Cygb-1

The crystal structure of D.mawCygb-1* Fe(Ill) form displays two
molecules in the asymmetric unit (Table 4). However, their contact
interface is minimal, largely solvent exposed, and based on a pair
of salt bridges [Asp21(A2) - Lys111(F6), and Asp97(EF hinge) -
Lys107(F2)], suggesting that the dimeric assembly is merely the
result of crystal packing.

D.mawCygb-1 shares 59% overall sequence identity with CYGB
(Fig. 5), which increases to 64.3% for 155 residues (Ser17 through
Ser172) that build the 3-on-3 globin fold (81.9% if conservative
mutations are accounted for in this region). Accordingly, overlay
of the 3D structures yields a root-mean square (rms) deviation of
0.85 A over 153 Ca atoms, the largest local deviations occurring
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Fig. 4. Dependence of k on the NO3 concentration for the NO>-mediated nitrosylation of C.aceCygb-1-Fe(II) (A) and D.mawCygb-1-Fe(II) (B), at pH 7.4 and 20 °C. The analysis
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in the DE and GH hinges (2 - 2.5 A). If structural overlay of D.maw-
Cygb-1* is run vs. the CYGB mutant bearing CysB2 [38] — Ser and
CysE9 [83] — Ser substitutions (CYGB*; PDB ID 1URY; 25) in its Xe
adduct, the rms deviation drops slightly (to 0.76 A) for 146 Ca
pairs, due to larger deviations (3.1 - 3.5 A) in the GH hinge region
that is excluded from the overlay. Comparison of the averaged B-
factor profiles for human CYGB structures and D.mawCygb-1* does
not show differences suggesting varied structural flexibility at both
global and local levels for D.mawCygb-1* as far as the crystallo-
graphic data can support (Supporting Information Figure S4).

In agreement with the strong sequence and overall structural
similarity between CYGB and D.mawCygb-1, non-conservative
residue substitutions occur essentially on the protein surface.
One exception is the CYGB Arg155(H12) mutation to Leu in D.maw-
Cygb-1, which results in side chain re-orientation toward the pro-
tein core. Among substitutions that affect the globin core, the
replacement of Met30(A11) in CYGB with Ser in D.mawCygb-1 is
worth noting; residue 30 falls next to Trp151(H8) indole ring in
D.mawCygb-1%, and the Ser30(A11) hydroxyl O atom forms a
H-bond with the Trp151 indole NH group.

As for CYGB, the heme Fe atom is hexa-coordinated in D.maw-
Cygb-1%, the proximal and distal His being the axial ligands with
coordination bonds of 2.1 A. Both His ligands are staggered relative
to the heme pyrrole N atoms, i.e. roughly oriented along the lines

connecting opposing heme methinic bridges. A comparison of all
hexa-coordinated CYGBs with D.mawCygb-1* shows that residues
building the distal cavity are highly conserved, which in turn trans-
lates into conservation of the side chain conformations (for resi-
dues on the distal and proximal sides and within 10 A from the
heme Fe atom; Supporting Information Figure S5). The only nota-
ble residue change - CYGB Val109(F4) — D.mawCygb-1 Leu109(F4)
- may provide a contact to a heme methyl group on pyrrole ring B,
promoting a slight porphyrin ring rotation (roughly pivoting on the
heme Fe atom) in D.mawCygb-1*. At the light of the different
experimental resolutions associated with the crystal structures
(3.0 A and 1.68 A, respectively), further fine conformational differ-
ences are difficult to establish.

Inspection of D.mawCygb-1* protein core shows that a main
cavity (124 A3) is present in the deeper part of the heme pocket
(Fig. 6), next to the heme vinyl group (on pyrrole ring B) and to
Val85(E11), Leu89(E15), Leul09(F4), Phe124(G5), Leu127(G8),
and 11e131(G12). Although not exactly matching, it resembles a
slightly larger cavity (146 A®) observed in CYGB*, which is the site
for two bound Xe atoms (Xe2 and Xe3; 26). As for CYGB*, where
smaller cavities are present (in fact the protein binds 4Xe atoms),
three minor cavities are observed in D.mawCygb-1*, next to the
inner distal heme face (30 A3; this cavity has a match in CYGB*),
and around Trp151(H8) (48 and 21 A3, respectively, both likely
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Table 3
Values of the second-order rate constant for the nitrite-
reductase activity of hemoproteins.

Heme-protein kon (M~ s71)
C.aceCygb-1 2.8 x 107"
D.mawCygb-1 3.1 x 107"
D. rerio Cygb-1" 14.2

D. rerio Cygb-2" 3.1 x 107"
Synechocystis Hb® 6.8 x 10!
Rice nonsymbiotic Hb class 1% 3.3 x 10!
Arabidopsis thaliana Hb class 1¢ 2.0 x 10!

Arabidopsis thaliana Hb class 2¢ 4.9

Carp Mb-1° 5.3
Carp Mb-2P 1.8
Horse-heart Mb*® 2.9
Sperm-whale Mb" 6.0
Mouse Ngh® 5.1
CYGB" 1.4 x 107!
NGB CysCD4-CysD5' 1.2 x 107!
NGB CysCD4/CysD5" 1.2 x 102
Human Hb - T state” 1.2 x 107!
Human Hb - R state” 6.0

pH 7.4, 25 °C [22]
pH 7.0; unknown temperature [76]
pH 7.4 and 25 °C [79]
pH 7.6 and 25 °C [43]
pH 7.4 and 25 °C [78]
pH 7.4 and 25 °C [47]
pH 7.4 and 25 °C [67]
pH 7.0 and 25 °C [53]
pH 7.4 and 25 °C [78]. “Human Ngb CysCD4-
CysD5”, the CysCD4 and CysD5 residues form an
intramolecular disulfide bond.

L' pH 7.4 and 25 °C. “Human Ngb CysCD4/CysD5", the
CysCD4 and CysD5 residues do not form the
intramolecular disulfide bond.

- T O m m U N w >

Table 4
Data collection and refinement statistics for D.mawCygb-1.

Data collection statistics

Resolution limit (A) 81.3-3.0
Space group P2:2:2;
Unit-cell parameter (A) a=436,b=1057,¢c=1273
Total reflections 152,686
Unique reflections 12,427
Completeness (%) 99.9 (99.8)*
Multiplicity 12.3 (12.1)
Rmerge (%) 24.2 (78.4)
Average I/o(I) 8.7 (4.2)
Refinement statistics and model quality

Resolution range (A) 81.3-3.0
Protein atoms 1238 in chain A, 1243 in chain B
Heme 1 per chain
Water molecules 15
R-factor/R-free (%) 18.9/24.5
R.m.s.d. deviation from ideal geometry:

bond lengths (A) 0.010

bond angles (°) 1.46
Ramachandran plot (%):

most favored region 95
additional allowed region 5

*Outer shell statistics (3.16 - 3.00 A) are shown within parentheses.
TRmerge = ZnXi [Ini =< In >|/ZnZ; Ipi.

related to the spatially close Met30(A11) — Ser mutation men-
tioned above).

In order to examine the effect of thermal fluctuations on the
nature of inner cavities, MD simulations (1.5 ps) were performed
for D.mawCygb-1 in both hexa-coordinated bis-histidyl and ligand
(CO)-bound states. Inspection of the trajectories supports the sta-
bility of the overall protein fold, as noted in rms deviations of the
backbone atoms generally lower than 2 A compared to the X-ray

structure (data not shown). The analysis of the snapshots sampled
in the last 250 ns of the simulation performed for the hexa-
coordinated bis-histidyl species supports the existence of a
branched tunnel, which should facilitate the transit of small gas-
eous ligand through the protein matrix. This passage connects
the innermost edge of the heme with two putative exits, which
are located i) between helix A and the hinge formed by helices G
and H, close to the Trp151-Ser30 hydrogen-bonded pair, and ii)
between helix H and the hinge defined by helices E and F (Fig. 7).

Detachment of the distal HisE7 [81] from the heme, with the
concomitant shift in helix E, reshapes the inner tunnel, leading to
the occlusion of the small pockets in the proximal side of the heme
and opening of a cavity on the distal side, as well as to a better def-
inition of the passage to the bulk solvent. At this point, it is worth
noting the reshaping of the branched tunnel, leading to wider pas-
sages above the hydrogen-bonded Trp151-Ser30 pair, close to the
GH hinge, but especially regarding the passage located close to
the EF hinge (Fig. 7). A similar tunnel system was found for simu-
lations performed for the ligand-bound hexa-coordinated species
of C.aceCygb-1 (Supporting Information Fig. 6). The gross features
of the inner tunnel, nevertheless, are already present in the hexa-
coordinated bis-histidyl species, which could thus facilitate the
functional adaptation to the cold environment.

To examine the feasibility of ligand migration through the
branched tunnel, a series of independent (50 ns) MD simulations
providing a cumulative total of 1 pis simulation time were analyzed
to explore the diffusion of unrestrained 02 in the ligand-bound
form of C.aceCygb-1. MD simulations (18outofthe20) led to ligand
egression from the protein interior within the simulation time.
Egression primarily occurred through the long branch of the tun-
nel, which involves the migration through the passage leading to
the EF hinge, though different passages to the bulk solvent were
observed at the end of this tunnel branch. Only two trajectories
led to ligand egression through the passage located close to the
GH hinge, and two other trajectories led to the ligand egression
via the open side of the heme cavity. Therefore, although caution
is required for a quantitative analysis, these results provide quali-
tative support to the functional implication of the branched tunnel
for ligand migration in the ligand-bound hexa-coordinated state.

The experimental kon,co values for the fish Cygbs are consistent
with the system of open cavities present in the CO-bound state
(Fig. 7, right), which provides multiple access points for the entry
of the ligand. This scenario is similar to that described for CYGB
[35], where a comparable system of tunnels was detected from
the analysis of classical MD simulations, which supported the exis-
tence of a branched tunnel consisting of passages through the ter-
minal side of helix A and the GH hinge, and between helix A and
loop EF. In the current kinetic analysis, the rate konco (and the
microscopic rates k, and k_,) should be considered an average mea-
sure of the separate rates for the multiple entry/exit pathways
through the articulate tunnels connecting the distal pocket with
the solvent. The resulting overall rates for D.mawCygb-1 and C.ace-
Cygb-1 appear quite similar to that for CYGB (within a factor 2),
and this difference only contributes to a minor extent to the
observed large change in Kkps.

4. Discussion

The function of Cygb is still unknown, and many roles in O,
transport, redox signaling and NO regulation have been ascribed
to this recently discovered protein [64]. While in skeletal and car-
diac muscle, Mb is strongly involved in NO scavenging [57], the
preferential expression of CYGB over Mb in the vascular smooth
muscle, and the evidence that it is a potent NO dioxygenase, effi-
ciently and rapidly reduced by cellular systems, suggest an impor-
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Fig. 5. Structure-based sequence alignment of D.mawCygb-1, C.aceCygb-1 and CYGB versus sperm-whale Mb and NGB, taken as reference sequences for penta-coordinated
and hexa-coordinated globins, respectively. Secondary structure topological sites (as defined in the classical globin fold) are shown in red in the top line. Conserved residues
relevant for the distal and proximal sites are highlighted in yellow; residues relevant for structural conservation of the 3-over-3 globin fold are in blue; residue differences
between the two Antarctic fish Cygbs-1 are in cyan. . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.) Adapted from [27]

Fig. 6. Representation of the X-ray (light gray) structure of D.mawCygb-1*
(backbone skeleton shown as cartoon), together with the cavities observed in the
X-ray structure (shown as clusters of spheres in orange, 124 A>; blue, 48 A>; black,
30 A3; green, 21 A®) mapped with CAVER. Selected residues are shown as yellow
sticks, including the heme with distal and proximal His, and the H-bonded residues
Ser30 — Trp151 (dashed line). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

tant and exclusive role of CYGB in the O,-dependent NO metabo-
lism [55].

In contrast to the penta-coordinated zebrafish Cygb-1, sup-
posed to act as O, carrier and nitrite reductase [22], Antarctic fish

Cygbs-1 exhibit a fully hexa-coordinated heme group, similar to
Antarctic Cygb-2 (D. Giordano, personal communication), with: i)
a high-0, affinity, unlikely to support an O,-delivery role, and ii)
a slow rate constant for nitrite-reductase activity. In fact, the O,
affinities reported in this study (p50 0.08 + 0.01 and 0.13 £ 0.02 T
orr, for C.aceCygb-1 and D.mawCygb-1, respectively, at 20 °C) are
much higher than that of human Hb (p50 2.61 * 0.05 Torr at
15 °C, pH 7.0) [14], but also higher than that of Mb (p50 0.78 + 0.
02 Torr at 25 °C, 0.17 £ 0.01 at 10 °C) [ 70], suggesting that O, trans-
port is functionally unlikely in Antarctic fish Cygbs-1. Under our
experimental conditions, the measured p50 for CYGB (0.045 + 0.0
06 Torr) was lower than a previously reported value close to 1 Torr
at 20 °C [31]. In this respect, it should be considered that the for-
mation of a disulfide bond is known to affect affinity [31], but CYGB
used for these experiments was an engineered species devoid of
Cys.

Our results also suggest that D.mawCygb-1-Fe(Ill) and C.ace-
Cygb-1-Fe(llI) do not catalyze peroxynitrite isomerization. The val-
ues of the second-order rate constant for NO>-mediated conversion
of D.mawCygb-1-Fe(Il) and C.aceCygb-1-Fe(Il) to Fe(Il)-NO are
reminiscent of those of the hexa-coordinated slow-reacting forms
of CYGB, mouse Ngb, NGB, and D. rerio Cygb-2 [22,53,67,78]. In
contrast, the rate constant of penta-coordinated D. rerio Cygb-1,
possibly playing a nitrite-reductase role [22], is more similar to
those of Fe(Il) Mb and Hb [43,47,76,78-79].

Ligand-binding kinetic studies highlight some remarkable dif-
ferences between the rate constants of D.mawCygb-1 and C.ace-
Cygb-1, on one hand, and CYGB on the other. First, it is worth
noting the lack of effects of disulfide bridge reduction on ligand-
binding kinetics of D.mawCygb-1 and C.aceCygb-1 (both globins
can only form intermolecular disulfide bridges; this study and
24). In contrast, analysis of the effect of the internal disulfide
bridge reduction in CYGB suggests major changes in kogr pis. These
distinctive features suggest that the functional role of CYGB can be
regulated through the formation/disruption of the internal disul-
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fide bridges depending on the cellular response to redox stress
[12], while a similar regulation mechanism would be absent in
the Antarctic Cygbs.

The amplitude of geminate rebinding in D.mawCygb-1 is inter-
mediate between those observed in CYGB and C.aceCygb-1. The
slightly larger rebinding observed in C.aceCygb-1 is due to a higher
rebinding rate (k_;), which is only partially compensated by the
escape rate (k,, Supporting Information Table S1). The changes
in the rates k_; and k, between D.mawCygb-1 and C.aceCygb-1
may reflect subtle changes promoted by the topology of inner cav-
ities mapped by MD, particularly related to the replacement of
[le158(H15) in D.mawCygb-1 by Met in C.aceCygb-1. Let us note
that among the four mutations found between the sequences of
the two proteins (Fig. 5), the lle158 — Met mutation is the only
one that faces the interior of the protein and contributes to shape
the inner tunnel (Supporting Information Figure S7). Further-
more, [le158 is located close to Leu155(H12), replacing Arg in
CYGB, which is rearranged toward the hydrophobic interior of
the protein, and is located close to the Trp151(H8) - Ser30(A11)
hydrogen-bonded pair, an interaction absent in CYGB due to the
Ser30(A11) —» Met mutation. Overall, these differences could pro-
vide a favorable environment to host the ligand for longer times
in fish Cygb-1, which could justify the slightly larger amplitudes
of geminate rebinding relative to CYGB.

The most relevant difference between cold-adapted fish Cygb-1
and CYGB is the value of kogr nis, Which is 14- and 21-fold higher in
D.mawCygb-1 and C.aceCygb-1 respectively, resulting from lower
energy barriers for distal His dissociation in Cygb-1. This finding
suggests that the structural and dynamic properties of the cold-
adapted globins facilitate His(E7) dissociation, thus favoring the
binding of exogenous ligands. Higher koggnis in D.mawCygb-1 and
C.aceCygb-1, combined with the slightly lower kon co, yield kops val-
ues (28 and 34 s~ for D.mawCygb-1 and C.aceCygb-1, respectively)
higher than in CYGB (1.8 s71).

The values of ks for CO binding may suggest relevant conse-
quences for multi-substrate reactions, e.g. NO dioxygenase, where
sequential binding of O, and NO is necessary to catalyze NO con-
version to nitrate. Indeed, the binding of the first diatomic ligand
(CO in our model system) in the hypothetic multi-substrate reac-

tion may be much more efficient in cold-adapted fish than in Cygbs
from mesophilic organisms at the same temperature. Similar fea-
tures were also described in the mutants (Cys — Ser) of C.aceNgb*
and D.mawNgb* when compared with NGB [36]). The values of koy
were quite similar in CaceNgb* (2.2 x 108 M~! s7!) and D.-
mawNgb* (1.7 x 108 M~! s71), and about 2-fold higher than in
human (7.7 x 107 M~'s71,[36], 5.0 x 10’ M~! s!, [41] and zebra-
fish Ngbs (koy =7 x 107 M~! s, [33] . Furthermore, the combina-
tion of konnis and kogruis values resulted in lower values of the
equilibrium His-binding constant in cold-adapted Ngbs (Ky = 476
in CaceNgb*, Ky = 255 in D.mawNgb*) than in Ngb from mesophilic
organisms (Ky = 1300 in NGB). It is therefore estimated that at
1 mM CO, ks are 6 s~! in CaceNgb*, 3 s~! in D.mawNgb*, and
0.2 s~! in NGB [36]. We emphasize that these characteristics are
similar to those reported in this work for Cygb-1 and CYGB, thus
pointing to a general trend for cold-adapted hexa-coordinated
globins.

Although the higher ks values for the cold-adapted proteins
are mainly a consequence of the high His dissociation rates, we
suggest that the pre-formed tunnels in the hexa-coordinated state
of Cygb-1 may also contribute to ks by providing facile access of
ligands to the distal pocket when the binding site becomes avail-
able (Fig. 7, left). Moreover, the structured cavities in the hexa-
coordinated species may also assist multi-substrate reactions such
as the NO dioxygenase, by providing a close-by reservoir of sec-
ondary reactants and sustaining catalytic turnover. Unfortunately,
the very high auto-oxidation rates of most Antarctic O,-binding
proteins [81], as well as that of D. rerio Cygb-2 [22], prevented
measurements of NO di-oxygenation.

Overall, the general ligand binding mechanism in psychrophilic
and mesophilic proteins discussed above appears to be conserved;
however, our results show that in cold-adapted globins the combi-
nation of rate constants results in faster binding rates (kops), sug-
gesting that evolutionary pressure pushed these Cygbs towards
an enhanced capability of exogenous ligand binding to the hexa-
coordinated bis-histidyl state. Although the overall 3D structures
of D.mawCygb-1* and CYGB appear very similar, cold adaptation
of Antarctic fish Cygbs-1 may have encoded minor variations in
the heme-pocket structure/dynamics, in line with the small differ-
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ences observed in the redox potential, as well as minor changes in
the (dynamic) pattern of inner cavities. Such considerations would
be in keeping with the extreme Antarctic habitat conditions, and
with the need to compensate for the low Kkinetic energy and
motions dictated by the low temperature, as also shown by com-
parison of the stopped-flow traces of C.aceCygb-1 at 10 °C and
CYGB at 40 °C (Fig. 8). The results obtained from these assays
demonstrate that the cold-adapted proteins bind diatomic ligands
at 10 °C with the same apparent rate as the human protein at 40 °C,
thus suggesting that each protein shows similar, possibly optimal,
performance at its physiological temperature.

From a structural viewpoint, it has been shown that when CO is
bound to the heme distal site (in CYGB) the distal HisE7 [81] resi-
due swings by about 4 A, affecting the conformation of residue
PheCD4 [63] that moves away from the distal cavity by about
2 A [58]. Binding of CO is at the same time reflected by a small dis-
placement of the N-terminal region of the E-helix (maximum dis-
placement 3.4 A at residue ProE2 [76] to make room for the swung
HisE7, as previously anticipated for a minor population of the
ligand-free (6C) CYGB [25].

The structural analysis here presented does not point to specific
details or marked residue differences that might promote a differ-
ential binding behavior for CO in human CYGB and in D.mawCygb-
1%, e.g. explaining the different HisE7 off rates (koprpis) observed.
Such difference may thus depend on distributed subtle details, as
often suggested by the comparison of thermostable protein struc-
tures with their mesophilic homologues. Additionally, a key con-
tributing factor may reside in the dynamics of selected structural
elements, or of the protein as a whole; notably, the relevance of
the CD-D region in regulating the transition between hexa- and
penta-coordinated states in globins has been previously reported
[13,15]. In the case of D. mawsoni (and C. aceratus) Cygbs-1, the
CD-loop and D-helix host five Glu residues, whereas in human
CYGB two of these residues are mutated (to Asp and Ile, respec-
tively). Additionally, two Met residues (62 and 66 in CYGB) are
mutated into Ile and Leu, respectively, and Pro76 (at the N-
terminus of E-helix) is mutated to Ala in D.mawCygb-1. All such
structural features, although sequence-wise preceding HisE7 and
the ligand binding site, can nevertheless affect the overall dynam-
ics of the distal cavity, supporting different responses to the

in-/out-coming diatomic ligand, such as differential rupture of
the Fe distal coordination bond, or altered dynamics of CO diffu-
sion. Indeed, the main differences between D. maw (and C. ace)
Cygbs-1 functional properties are most apparent in the distal His
dissociation rate (korrpnis) that impacts on the observed rate con-
stant (kops) for CO binding to the hexacoordinated species (Table 1.
As mentioned, it should also be recalled that human CYGB hosts a
Cys38(B2)-Cys83(E9) disulfide bridge; notably, such disulfide,
which can restrict dynamics of the E-helix and of the distal site
[12], is absent in both D.mawCygb-1 and D.mawCygb-1*. Lastly,
we remark that global control of Antarctic fish Cygb-1 function
may also occur at the cellular level, involving changes in gene
expression or in overall protein-synthesis.
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