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Abstract

Significance: Temperature is one of the most important drivers in shaping protein adaptations. Many bio-
chemical and physiological processes are influenced by temperature. Proteins and enzymes from organisms
living at low temperature are less stable in comparison to high-temperature adapted proteins. The lower stability
is generally due to greater conformational flexibility.

Recent Advances: Adaptive changes in the structure of cold-adapted proteins may occur at subunit interfaces,
distant from the active site, thus producing energy changes associated with conformational transitions trans-
mitted to the active site by allosteric modulation, valid also for monomeric proteins in which tertiary structural
changes may play an essential role.

Critical Issues: Despite efforts, the current experimental and computational methods still fail to produce
general principles on protein evolution, since many changes are protein and species dependent. Environmental
constraints or other biological cellular signals may override the ancestral information included in the structure
of the protein, thus introducing inaccuracy in estimates and predictions on the evolutionary adaptations of
proteins in response to cold adaptation.

Future Directions: In this review, we describe the studies and approaches used to investigate stability and
flexibility in the cold-adapted globins of the Antarctic marine bacterium Pseudoalteromonas haloplanktis
TACI125. In fact, future research directions will be prescient on more detailed investigation of cold-adapted
proteins and the role of fluctuations between different conformational states. Antioxid. Redox Signal. 00, 000-000.

Keywords: bacterial globin, heme-pocket flexibility, hexa-coordination, oxidative/nitrosative stress, thermal
adaptation

General Principles

THE EFFECTS OF TEMPERATURE on most chemical reac-
tions may be explained by the simple Arrhenius equa-
tion, in which the reaction rate (k), typically increases with
absolute temperature (T). However, the metabolic rate of
cold-adapted polar fishes living at 0°C is not much lower than
that of species living at 40°C, a fact that cannot be accounted
for on the basis of the Arrhenius law (32). Low temperature

slows down many physiological processes, reduces mem-
brane fluidity, and increases water viscosity and gas solu-
bility (16, 31, 36, 57, 88); however, it appears that additional
mechanisms of temperature compensation through natural
selection and physiological plasticity are adopted for coping
with low temperatures (95).

So far, relatively few cold-adapted enzymes and proteins
have been structurally and functionally examined to define
more general principles and depict a fully precise global and
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physical picture of these changes. Despite many advances in
knowledge of structure—function relationship, we cannot as
yet predict how many changes in the primary structure may
impact the protein function and how much change is required
to cope with low-temperature conditions. The presence of
high levels of constitutive expression of members of Heat-
Shock Proteins family (10, 11, 47, 76), the RNA/protein ra-
tios (33, 34, 91), and the high protein ubiquitination levels
(87, 93) observed in several Antarctic marine species
strongly support the evidence that the production of func-
tional proteins (folded) is more challenging in polar marine
species. Although cold-adapted proteins are surprisingly
prone to cold denaturation, their biological activities are
performed at low temperature. Therefore, in Antarctica, cold
denaturation of proteins needs to be prevented to secure life.
The slower capacity to produce fully functional proteins (e.g.,
limited protein supply) may probably explain the slower rates
of cellular processes in polar marine species (73 and refer-
ences within).

Thermodynamic stability of proteins is an important
evolutionary driver in protein environmental adaptations,
and some recent studies have attempted to link and quantify
flexibility to adaptation to cold environments (55 and refer-
ences within). Globular proteins must be stable enough to
preserve their native structure and function. Thus, from a
molecular biophysics perspective, protein thermodynamic
stability is one of the major determinants of sequence evo-
lution (23). Although the overall stability appears to be
strongly driven by selection, proteins may explore a wide
variety of mechanisms of stabilization, a phenomenon we call
“thermodynamic system drift”” even when selection estab-
lishes thresholds for stability (45). The lower stability in cold
adaptation may be due to neutral genetic drift (random amino
acid residue substitutions to decrease protein stability) for the
lack of evolutionary pressure on stable enzymes in low-
temperature environments (63). However, although nature
always produces cold-adapted proteins with decreased sta-
bility, indicating an inverse relationship between stability and
activity, some studies have indicated that these properties are
not always strictly related. Theoretical principles support the
view that natural selection, rather than neutral and random
drift, leads to an increase in the thermal denaturation tem-
perature (T,,) of proteins. The final T,, of the protein is, in any
case, the result of the balance between selection and random
mutational pressure that pushes stability downward (45).

Recent models for simulating protein evolution have
included the thermodynamic properties of proteins by ac-
commodating the enthalpic (H-bonding, van der Waals
interactions) and the entropic concepts (hydrophobicity, side-
chain, and back-bone conformational entropy) to explain
dynamics and adaptations. A growing piece of evidence
suggests that thermal adaptation is associated with changes in
the balance of stabilization forces (57, 92). In an enzymatic
reaction catalyzed by cold-adapted enzymes, the decrease of
the activation enthalphy (AH¥) is generally the main adaptive
parameter. The corresponding decrease in activation energy
is achieved by decreasing the number of enthalpy-driven
interactions (49). This enthalpy-entropy balance makes the
rate of reactions less temperature dependent in cold-adapted
enzymes, and it is believed to be the main driver in cold
adaptation. The structural mechanisms behind these proper-
ties are largely unknown, being quite intricate to unravel with
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the current computational and experimental methods. Due to
the huge number of degrees of freedom involved, the ex-
tensive sampling required to obtain AHs and entropies is
beyond the capacity of most quantum mechanics/molecular
mechanics methods (104).

The increased protein flexibility observed in many cold-
adapted proteins is usually conferred by few amino-acid-
residue replacements. Only minor structural modifications
are generally needed to change the stability, and often local
(rather than global) flexibility plays an important role in cold
adaptation (17, 88, 95).

Moreover, local unfolding confers additional potential
advantages to organisms thriving in cold environments as a
mechanism by regulating key enzymatic parameters such as
Michaelis—Menten constant (K,) and catalytic-rate constant
(Kea)- In fact, the current working hypothesis is that the lo-
cally unfolded states rather than the native state may be
adaptively important in driving cold adaptation. The con-
formational transitions are then transmitted to the active site
by allosteric modulation (85).

The importance of conformational fluctuations in thermal
adaptation has been known for decades, and it has been in-
creasingly acknowledged by mutational, computational, and
comparative studies on high- and low-temperature adapted
proteins. Many mutational studies have highlighted the
complex effects of mutations on cold-adaptation parameters
(16, 18, 19, 32, 37, 54, 66, 94). These combined studies on
“naturally’’ and laboratory-created mutants may shed light
on the biological complexity of protein adaptation.

The structural/mutational approach used for experimen-
tally testing the functional divergence of mutated proteins is
challenging and may produce a detailed portrait (although
sometimes controversial) of cold adaptation in proteins. In
fact, due to much labor and costs, the approach often restricts
analyses to a limited number of modified proteins, leading to
a potentially biased view of protein adaptation.

The mutational approach was successfully used by Schrank
et al. (86) and Saavedra et al. (85) to characterize Escherichia
coli adenylate kinase, a small phosphotransfer enzyme in which
inter-conversion between inactive (open) and active (closed)
conformations is rate limiting for catalysis. The authors mu-
tated several surface-exposed residues into Gly to demonstrate
that these mutations impact the function of the protein by se-
lectively modulating the properties of locally unfolded states/
microstates. These results are also in agreement with the evi-
dence by Dong er al. (24), in which ligand-binding affinity
properties of cytosolic malate dehydrogenase (¢c(MDH), from 12
differently temperature adapted congeners of five molluscan
genera, are affected by temperature that triggers rapid inter-
conversion of conformational microstates (24).

This review first analyzes the challenges and the key ele-
ments of protein functioning at low temperature, with special
attention to the role of flexibility. The Antarctic marine en-
vironment is challenging for the survival of microorganisms.
Due to low temperature, the reduced thermal energy and the
increased viscosity of water slow down all reaction rates and
have an impact on dynamics and flexibility of proteins. The
review then focuses on the structural and functional properties
of two hemoglobins (Hbs) isolated from the Antarctic bacte-
rium Pseudoalteromonas haloplanktis TAC125 (PhTAC125).
These globins have been deeply characterized in the past
decade by spectroscopic, bioinformatics, biochemical, and
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structural approaches (4143, 48, 84). The adaptation features
inferred from the comparison of their properties with meso-
philic and thermophilic counterparts are discussed with the
aim of underlining some general trends in cold-adaptation
strategies.

Catalytic Efficiency and Thermodynamic Parameters
of Cold-Adapted Proteins

Cold-adapted proteins perform their function at low tem-
peratures. This represents a strong physicochemical chal-
lenge, since it is known that chemical rates significantly
decrease at low temperature. Some of the strategies devel-
oped at the protein level include the increasing of enzyme
concentration, seasonal expression of isoenzymes, and the
development of enzymes for which reaction rates tend to
become temperature independent (88). The general frame-
work to understand the effect of the temperature on chemical
rates is provided by the transition-state (TS) theory (58).
Most of the investigated cold-adapted enzymes evolved to
achieve lower activation free energy (AGY). AG* is re-
lated to the AH* and activation entropy (ASI), (Eq. 1):

AGH = AHY —TASt (Eq. 1)
AG* can be related to the experimental rate constant by using
Eyring’s equation (Eq. 2):

ksT _uck
k:x%e*% (Eq. 2)

where k is the reaction rate, K is a transmission coefficient, kg
and h are the Boltzmann and Planck constants, respectively,
T is the absolute temperature in Kelvin, and R is the gas
constant. From Equations 1 to 2, it can be seen that decreases
in the AH* and/or increases in AS* will effectively decrease
the value of AGI, thus increasing the chemical rate constant.
The decrease in AH* is favored in cold-adapted proteins by
improving the stabilizing interactions during the TS forma-
tion, thus supporting lower values of AG*. The significantly
lower values of the activation energy explain the higher
specific activity of cold-adapted enzymes, although generally
the observed activation energy is never as low as it would be
expected due to the antagonistic effect of the activation en-
tropy (36, 57).

On the other hand, an increase in ASt s necessary for de-
creasing AG*, as enthalpy and entropy have opposite effects on
AG¥. Since AS* values include contributions from the redis-
tribution of water molecules, they can have negative or posi-
tive values depending on the reaction. The lower AS* values of
cold-adapted enzymes compared with nonadapted homo-
logues, observed in several reported cases, may be related to
the increased flexibility of the cold-adapted proteins (36, 88),
suggesting that their initial conformation is highly disordered
compared with their temperate counterparts. Thus, the perfect
cold-adapted enzyme would exhibit a decrease in the enthalpy
change and/or an increase in the entropy change for the TS of
the reaction. As mentioned earlier, in a psychrophilic enzyme,
AS* is usually lower than that for its mesophilic counterpart,
due to a more disordered ground state. For this reason, a de-
crease in the AH* can be considered as the main adaptive
feature (29, 36, 57, 88).

Temperature has a dramatic effect, mainly due to the ex-
ponential term related to the activation free energy, but it
exerts influence also on the transmission coefficient, which
decreases with the increasing viscosity of low-temperature
environments (35), resulting in deviations from the simple
Kramers law for ligand binding kinetics (1, 2) and bringing to
a further decrease of k., (88). The catalytic constant k.,
indicates the maximum number of substrate molecules con-
verted to product per active site as a function of time; k., is a
good index of enzyme flexibility, as it reflects the rate of
transition between all conformational states involved in the
catalysis. Enzymes of psychrophilic organisms are able to
afford metabolic rates comparable to those of mesophilic
organisms by an increase in k.,.. On the other hand, K;,, can
either decrease or increase. The trade-off between k., and
K., in cold-adapted enzymes has been comprehensively re-
viewed (29). Despite this, cold-adapted enzymes have high
specific activities at low temperatures, often up to an order of
magnitude higher than those observed in their mesophilic
counterparts (31, 36, 83). These values reflect the weak sta-
bility of these enzymes prone to inactivation and unfolding at
high/moderate temperatures. Results from the analysis of
some cold-adapted enzymes show that just the evaluation of
k.o may be not conclusive when considering protein adap-
tation, and other issues, such as ligand or protein concen-
tration and expression, may also play a crucial role (32).

Fields and co-authors (32) performed a series of studies by
using two structurally and catalytically related enzymes, A4-
lactate dehydrogenase and cMDH, demonstrating that ligand
affinity decreases in cold adaptation to allow more rapid ca-
talysis. However, their bioinformatic approaches failed to fully
predict how a particular change of amino-acid residues alters
ligand binding and catalytic rate through modifications of
flexibility in localized protein areas (32). Recently, an inter-
disciplinary approach, combining comparative genomics,
mutagenesis, kinetic analysis, and molecular modeling, high-
lights the importance of a very small fraction of residues as the
key in enhancing catalytic activity at cold temperatures (54).

Remarkably, the activity of a cold-adapted protein at its
optimal temperature is usually lower than the thermophilic or
mesophilic analogous at its optimal temperature (88), thus
prompting the concept of incomplete adaptations, as illus-
trated in many studies at the protein and species level (73).
There are limits to adaptation dictated by the low tempera-
ture. These concepts also apply at the protein level, since
cold-adapted enzymes often display their optimum at room
temperature, thus suggesting that the evolutionary pressure
pushed on the effective rate at the low working temperature,
rather than shifting the rate optimum to low temperatures.

Properties of Cold-Adapted Proteins

Cold-adapted proteins are typically associated with low
stability, probably due to the enhanced plasticity required to
perform their function at low temperatures. Many enzymes
show an increase in the flexibility of their structure to over-
come low-temperature effects. It was shown that in some
cases, the regions with enhanced flexibility coincide with the
whole protein, whereas in others only crucial zones impact
the protein flexibility (17). The role of protein dynamics,
given by conformational fluctuations, has been recognized to
play a key role in protein function (46). The active sites of
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many cold-adapted proteins have been found to be very
similar in the static X-ray structures to those corresponding to
mesophilic homologues (28, 30). The measurement of flex-
ibility is challenging, since the static (the number of different
conformations) as well as the dynamic flexibility (the switch
between different conformations) are equally important in
driving cold adaptation. In this context, structural adaptations
outside the active site modify the protein dynamics, thus
modulating the catalytic properties. In the tetrameric Hbs of
Antarctic fish, regions such as the CDo corner and the EFx
pocket, usually well ordered in the tense state of other tet-
rameric Hbs, display higher flexibility, leading to unusual
distances between the heme iron and the proximal and distal
His residues. In these Hbs, a significant destabilization of the
tense state due to the presence of the inter-aspartic H-bond is
able to regulate the functional properties by greatly de-
creasing the affinity for O, at low pH values (96).

The choice of residues, according to their usage in nature,
is essential in the evolutionary adaptation to temperature. In
bacterial enzymes, Ser, Asp, Thr, and Ala increase in the coil
regions of secondary structures; whereas in the helical re-
gions, aliphatic, basic, aromatic, and hydrophilic residues are
generally under-represented (9, 16, 60, 80, 82, 83). In some
cases, the number of Pro and Arg is reduced, whereas clusters
of Gly are found, providing localized chain mobility. More-
over, reduction of surface, inter-domain, and inter-subunit
ionic linkages and decreased number of H-bonds and salt
bridges accompanied by an increase of number and length of
loops are key mechanisms to promote increased conforma-
tional flexibility of psychrophilic enzymes (17, 30).

Cold-adapted proteins may possess large cavities to ac-
commodate water molecules and/or ligands (42, 71) and
regulate the ligand exchange between the exterior and the
interior of the protein. For instance, Paredes er al. (71),
comparing 20 homologous enzyme pairs from psychrophiles
and mesophiles, found that psychrophilic enzymes have lar-
ger average cavity sizes, large enough for water molecules
and lined with residues with acidic side chains, suggesting
that embedded water molecules may play a significant role in
cavity flexibility in a cold environment. In cold-adapted
proteins, flexibility plays a key role also in facilitating the
movement of water molecules. However, these general rules
are not always valid, and each protein family may exhibit
other strategies for structural adaptation. In many cases, no
connection between enhanced flexibility and low thermal
stability has been found or recorded with the current bio-
chemical and spectroscopic analyses (57).

The main outcome emerging from recent studies is that
there is no universal mechanism for protein adaptation to low
temperature, but rather a combination of different factors,
which frequently are dependent on the protein. In addition,
due to the lack of general optimized methods of investigation,
the results are often controversial; thus, only some general
trends may be defined (79).

The Case Study: The Cold-Adapted Bacterial Hbs
in PhTAC125

Comparative genome analysis indicates that a cold-
adapted lifestyle is generally conferred by a collection of
changes in the overall genome content and composition.
Challenges to cellular function and structural integrity in-
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clude low rates of transcription, translation and cell division,
inappropriate protein folding and cold denaturation, as well
as intracellular ice formation (17). Another important chal-
lenge is to cope with increased O, solubility at low temper-
atures that significantly increases the production rate of
reactive oxygen species (ROS). Therefore, cold-adapted or-
ganisms have developed enhanced antioxidant capacity due
to the presence of multiple genes that encode catalases and
superoxide dismutases.

In silico analysis of the Antarctic bacterium PATACI125
genome shows that this cold-adapted marine bacterium may
withstand the high O, solubility by multiplying O,-
scavenging enzymes (such as dioxygenases) and removing
entire metabolic pathways that produce ROS as side prod-
ucts. Moreover, the presence of many enzymes involved in
scavenging chemical groups affected by ROS (such as per-
oxiredoxins and peroxidases), and one catalase-encoding
gene and a possible homologue (PSHAal737) makes the
bacterium resistant to H,O, (59). The presence of multiple
globin genes, encoding the two-on-two (2/2) Hbs, also named
truncated Hbs (TrHbs) and a flavoHb (FHb), in distinct po-
sitions on chromosome I of PATACI125 (41) may be an ad-
ditional tool for protection against ROS and reactive nitrogen
species (RNS). Although FHb is widely recognized to be
involved in the protection against NO toxicity (77), the role
of TrHbs remains poorly defined. A variety of functions have
been proposed for TrHbs, including protection from ROS and
RNS species, O, and NO detoxification, and sulfide, nitrite,
and peroxynitrite chemistry (74, 78). Bacterial TrHbs are
characterized by a 2/2 a-helical-sandwich motif (100, 103)
and, based on phylogenetic analysis, are divided into three
distinct groups: HbI (or N), HbII (or O), and HbIII (or P);
recently, a novel, small group named HbIV (or Q) containing
only bacterial sequences has been added (7). Genome ana-
lyses (7, 100) highlight the preponderance of two-on-two
hemoglobins (2/2Hbs) in cyanobacteria and green algae.
Hypotheses on the evolution of globins, as well as on the
development of functional specializations, have always
been proposed and debated (98, 99). As globins are found in
all kingdoms of life, the ancestor of all globins was present
in the first organisms populating the Earth. The putative
original role for these proteins could have been that of de-
toxification after the increase of O, levels and the evolution
of photosynthesis.

PHhTACI125 is one of the few examples of coexistence of
genes encoding an FHb (PSHAa2880) and three TrHbs (an-
notated as PSHAa0030, PSHAa0458, and PSHAa2217) (42).
These TrHbs in PATACI125, being constitutively transcribed,
may not be functionally redundant in their physiological
function. As demonstrated in vivo, the inactivation of the
gene PSHAa0030 makes the mutant bacterial strain suscep-
tible to high O, levels, hydrogen peroxide, and nitrosating
agents (72). In addition, since the transcription of the FHb-
encoding gene occurs only in the mutant in which the gene
PSHAa0030 was inactivated, the sensitivity to the NO-
induced stress may be related to the absence of PSHAa0030
(72). Both globins, Ph-2/2HbO-2217 and truncated hemo-
globin encoded by PSHAa0030 gene and belonging to
Pseudoalteromonas haloplanktis TAC125 [Ph-2/2HbO-
0030] (encoded by truncated hemoglobin encoded by
PSHAa2217 gene and belonging to P. haloplanktis TAC125
[PSHAa2217] and PSHAa0030 genes, respectively), belong
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to the same group II of TrHbs and share only 24% sequence
identity. These two TrHbs show typical features of group II,
namely the 2/2 o-helical sandwich fold, a helix @ preceding
the proximal helix F, and specific heme cavity residues in
positions B10, CD1, and G8 (42).

Figure 1 shows the alignment of Ph-2/2HbO-2217 and
Ph-2/2HbO-0030 with some representative TrHbs belong-
ing to group II. Compared with the other TrHbs of group II,
the primary structure of Ph-2/2HbO-0030 and Ph-2/2HbO-
2217 includes a sequence extension at the N terminus,
which is not involved in NO detoxification (13). Interest-
ingly, also cold-adapted 2/2Hb of group I (2/2HbN), en-
coded by the PSHAa0458 gene, is endowed with an
extension at the N terminus longer than that observed in the
truncated Hb of group N of Mycobacterium tuberculosis
(D. Giordano, pers. comm.); the other differences relative
to the other truncated Hb of group Os (TrHbOs) are in
the BC (three-residue insertion in Ph-2/2Hb0O-2217), CE
(one-residue deletion in Ph-2/2HbO-0030) and GH (three-
residue deletion in Ph-2/2HbO-0030) loops, and in the
C-terminal region (42). The heme pockets of these TrHbOs
share many common features, including a number of polar
cavity residues. However, the residues in positions G8
(Trp) and B10 (Tyr) are conserved in all proteins, whereas
the CD1 residue is a Tyr in TrHbO of Thermobifida fusca
(Tf-2/2HbO) and TrHbO of M. tuberculosis (Mt-2/2HbO),

Ph-2/2Hb0-2217
Ph-2/2Hb0O-0030

His in the two Ph-2/2HbO(s), and Phe in TrHbO of Bacillus
subtilis (Bs-2/2HbO).

Both Ph-2/2HbO-2217 and Ph-2/2HbO-0030 may be
involved in the protection against NO and related reactive
species under aerobic conditions, in vivo and in vitro (12,
13). The high reactivity of Ph-2/2HbO-0030 (42) and Ph-2/
2HbO-2217 (12) to peroxynitrite suggests that protec-
tion against RNS and ROS is important in the cold. Low
temperatures decrease nitrate uptake in bacteria, and ni-
trogen is fundamental for bacteria replication and protein
synthesis (64).

As Ph-2/2HbO-2217 and Ph-2/2HbO-0030 were exten-
sively characterized in the past decade both experimentally
and computationally, their properties will be reported and
discussed as examples of cold-adapted proteins showing clear
signals of cold adaptation, with the aim to contribute to models
for biological inference and prediction of cold adaptation.

Heme pockets of cold-adapted globins

In the canonical vertebrate myoglobin, the ferrous protein
without the exogenous ligand is penta-coordinated, with an
empty distal coordination site. The interaction between the
heme-bound ligand and distal amino-acid residues plays a
vital role in carrying out distinct redox reactions and signal
triggering (4).

B10 CD1
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TE-2/2HBO @ = = s MTFYEAVGGEETFTRLARRESEGVAADPV---LRPMEPE
ME-2/2HDO = = e MPKSFYDAVGGAKTFDAIVSRESAQVAEDEV---LRRVBPE
o I asa MGQSFNAPYEAIG-EELLSOLVDTEJERVASHPL-—- P-
N-term helix A helix B helix C
F8 G8

Ph-2/2Hb0-2217
Ph-2/2Hb0-0030
Tf-2/2HbO
Mt-2/2HbO
Bs-2/2HbO

helix E

Ph-2/2Hb0-2217
Ph-2/2Hb0O-0030

KDLSQSRKKLAYFLSGWMGGPKLYAEHFGSINI PQARKHLAVGVAESEARLLCMQKAVDDQ
LPLDRIRQVFFEFLSGWLGGPDLFVAKHGHPMLRKREMPFT I DQDLRDQMYCMNKTLDLE
EDLGPAEERLRLFLMQYWGGPRTYSERRGHPRLRMREFPYRIGAEERDRWLTHMRAAVDDL
DDLAGAEERLRMFLEQYWGGPRTYSEQRGHPRLRMREAPFRISLIERDAWLRCMHTAVAST
SDLTETARKOKQOFLTOYL.GGPPLYTEEHGHPML

LPFPITNEED&ILS CMKDAMDHV

helix ® helix F helix G

P-—-YAESFKVYEMQQLRVPAERIRMVSGS ——————————————————————————————
V---DNPLLREGEKQSFGQLASHMINQH-——— === === === = —— oo
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Tf-2/2HDO
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Bs-2/2HbO

G---LEGEIREFIFGRLELTARHMVNQTEAEDRSS—~~==================-——-
helix H

FIG. 1. Sequence alignment by Clustal Omega of Pseudoalteromonas haloplanktis (Ph-2/2HbQ-2217 and Ph-2/
2Hb0-0030) compared with other members of group II, Mycobacterium tuberculosis (Mt-2/2HbQ), Bacillus subtilis
(Bs-2/2HbO), and Thermobifida fusca (Tf-2/2HbO). The numbering of residues is based on the position of residues in the
helices of sperm whale Mb; manual adjustments have been based on known crystal structures adapted from Giordano et al.
(42). Functionally important residues (B10, CD1, and G8) specific for TrHbOs of group II are in green; HisF8, fully
conserved in the globin family, in the proximal cavity, is in purple; and all other conserved residues are in gray. Helical
regions A-C, E-H are indicated by underlines and helix @, specific for 2/2Hb of group I, is shown. Bs-2/2HbO, TrHbO of B.
subtilis; Hb, hemoglobin; Mb, myoglobin; Mt-2/2HbO, TrHbO of M. tuberculosis; Tf-2/2HbO, TrHbO of T. fusca; TrHb,
truncated Hb; TrHbOs, truncated Hb of group Os. Color images are available online.
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Proteins showing coordination by a specific residue on the
distal side, in either their ferric or ferrous forms, are called
hexa-coordinated. Under native conditions, the Antarctic fish
Hbs quantitatively form hemichrome in the f subunits that
can be reversibly converted to the classical penta-coordinated
deoxy form under reduction conditions. The bis-His coordi-
nation in the ferrous state, called hemochrome, has never
been observed (97, 101). Hemichrome detection has been
suggested as a valuable tool for tumor diagnosis (14). In
Antarctic fish Hbs, although structurally and functionally
analogous to mammalian Hbs, the o and f§ chains undergo
distinct oxidation processes when exposed to air, indicating
that the proteins may be involved in functional redox pro-
cesses yet to be identified. The f chains form hexa-
coordinated bis-His adducts, atypical in folded tetrameric
Hbs, achieved through severe distortion of the heme pocket,
leading to variation of the quaternary structure, which be-
comes intermediate between the relaxed and the tense state
(101). According to their higher peroxidase activity, the ex-
change between two different forms, hexa-coordinated (f
chains of ferric state) and penta-coordinated, may play a
distinctive physiological role (97, 101).

Research over the past several years yielded a precise and
complete picture of the structure of hexa-coordinated states also
in neuroglobins and cytoglobins (21, 22). However, the physi-
ological functions of these proteins remain elusive in vertebrates
as well as in microorganisms. Although rare, endogenous hexa-
coordination, found in the Antarctic teleost neuroglobin (39)
and cytoglobins (15), is also present in the microbial world and
in the two cold-adapted globins of PATACI125, suggesting the
involvement of the globin in catalytic mechanisms of electron
transfer, with the hexa-coordinated states acting as intermedi-
ates that are prone to easy reduction or oxidation (51, 52). From
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preliminary studies, 2/2HbN, encoded by the PSHAa0458 gene,
displays endogenous hexa-coordination (D. Giordano, pers.
commun.), as it occurs in the other genes of 2/2Hbs in
PKhTACI125. These findings indicate the need of PATACI125 to
quickly respond to environmental challenges by implementing
proteins endowed with different coordination states that func-
tion under high levels of oxidative stress.

As in other bacterial TrHbs, the heme pocket of Ph-2/
2HbO-0030 and Ph-2/2HbO-2217 is very polar, with Trp,
Phe, and Tyr at positions G8, B9, and B10, respectively.
Moreover, in position CD1 (Figs. 1 and 2), instead of the
more common Phe (7), H-bonding His is found.

The unique peculiarity of the Antarctic TrHbs is the high
conformational flexibility on both the distal and proximal
heme pocket cavity. In fact, although the crystal structure of
Ph-2/2HbO-0030 shows that a water molecule is bound to the
heme iron, in solution, resonance Raman (RR), UV-Visible,
and electron paramagnetic resonance measurements show that
in both ferric Ph-2/2HbO-0030 and Ph-2/2HbO-2217 the
hexa-coordinate high-spin (6cHS) aquo form is in equilibrium
with a 6¢ low spin (LS) species containing TyrB10 coordinated
to the heme iron (12, 27, 42) (Fig. 2). The 6¢HS state, in
equilibrium with a 6¢LS form, is also reported in other TrHbs,
namely Bs-2/2HbO (38), Tf-2/2HbO (67, 68), and Mt-2/2HbO
(65); however, the nature of the LS sixth ligand is different
from Ph-2/2HbO, being a hydroxo complex, which becomes
the only species at alkaline pH values.

Tyr ligation, coexisting with a ScHS heme, is also present
in the ferrous form of both Ph-2/2HbO-0030 (43) and Ph-2/
2HbO-2217 (12); however, endogenous hexa-coordination
does not impair the capability of these proteins to bind di-
atomic ligands, in either their ferric or ferrous states, with
varying thermodynamic and kinetic parameters (51, 102).

FIG. 2. Superimposition of the
heme pocket of a Ph-2/2HbO-2217
homology model (cyarn) built by
SwissModel and the Ph-2/2HbO-
0030 template structure (PDB ID
4UUR) (orange). The heme group
is in purple. The residues in the
heme cavity (B10, CDI1, G8, F8)
specific for TrHbOs of group II are
shown. Adapted from Coppola
et al. (12). Color images are avail-
able online.
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Although His is the most common residue that coordinates
the Fe atom, Tyr coordinates the Fe atom of the nitrogen-
fixing bacterium Herbaspirillum seropedicae TrHb (81),
which also belongs to group II and contains Trp, Phe, Tyr,
and His at positions G8, B9, B10, and CD1, respectively.

The presence of a tyrosinate coordination in globins, rarely
observed in other proteins, could explain the need to modu-
late the function (12, 42) by a quick adaptation to varying
environmental conditions, whereas covalent modifications, as
found in vertebrate monomeric globins, implying a much more
stable functional signal, would require time. These coordina-
tion states may provide support for facilitating the diffusion
and scavenging of O, and/or NO. Since both Ph-2/2HbO-2217
and Ph-2/2HbO-0030 are involved in the protection against
NO and related reactive species under aerobic conditions, as
shown both in vivo and in vitro (12, 13), we cannot rule out that
endogenous hexa-coordination might be a structural necessity
for reversible ligand binding, essential for proteins that work
under high levels of oxidative stress (51).

In the context of the proposed conformational flexibility in
the cold-adapted globins, we addressed this issue also by
monitoring the root mean square fluctuations (RMSF), using
mesophilic Bs-2/2HbO for comparison (Fig. 3). This de-
scriptor, frequently used in molecular dynamics (MD) sim-
ulations, measures the deviations of the motions of each
particular residue with respect to its average position in the
time scale of the MD simulation. As expected, the results
suggest enhanced flexibility in cold-adapted Ph-2/2HbO-
0030 compared with the mesophilic analogous Bs-2/2HbO.
The enhanced flexibility is observed in the range of residues
30-85 associated to helices B, C, and E, and to part of the EF
connecting loop (Fig. 3).
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FIG. 3. RMSF obtained from three independent 100 ns
MD simulations in Pk-2/2HbO-0030 (blue line) and Bs-2/
2HDbO (red line) at 10°C. RMSF measure the deviations of
the motions of each particular residue with respect to its
average position for the time scale of the MD simulation.
The regions with higher values are associated with larger
dynamical fluctuations. Data on Ph-2/2HbO-0030 are taken
by Boubeta et al. (5), and data on Bs-2/2HbO are from F.
Boubeta (pers. comm.). Figure adapted from Boubeta et al.
(5). MD, molecular dynamics; RMSF, root mean square
fluctuations. Color images are available online.
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RR at alkaline pH strongly supports also the evidence of an
unusually flexible proximal heme pocket in Ph-2/2HbO-0030
(42). In fact, the presence of the uncommon penta-coordinate
(5¢) HS Fe-OH™ form at alkaline pH suggests that the
proximal HisF8—Fe bond must be broken at this pH without
denaturing the protein, since the alkaline transition is com-
pletely reversible and the protein fully restores its native state
on returning to neutral pH.

Ligand-binding properties

Cold-adapted proteins often display large internal cavities
(71). Ligand binding, as well as storage and transport among
these internal cavities, is responsible for small changes in the
protein fluctuations that are relevant for the function. Binding
of ligands may trigger transduction of signals that are allo-
sterically transmitted to the protein (85). The interplay be-
tween protein and ligand degrees of freedom is the basis for
understanding the function.

The kinetic characterization of ligand binding to group II
2/2Hbs is available for a limited number of cases, mostly with
CO as model system, and indicates similar, but not identical,
kon values in the CO-rebinding process, which suggest some
adaptation to the environment. The importance of the distal
pocket interactions for ligand binding was first proposed in
Mt-2/2HbO by Guertin and coworkers (70). The MD simu-
lations on the same protein highlighted the presence of a layer
of water molecules lining the distal pocket that was suggested
to impose a relevant barrier to ligand escape (50). Such
findings were confirmed by Guallar et al. (44), whose results
also highlighted the importance of the TrpGS8 in regulating
ligand migration in all TrHbOs.

Ligand-migration networks have also been suggested in
detoxification mechanisms (61). Therefore, in globins, the
kinetics of ligand binding are functionally important to gain
insights into the structure/function relationships. Although
the focus is on the physiological ligand O,, other small li-
gands such as CO may serve as alternative chemical probes.
Ligand binding depends on a number of factors, including the
nature and capability of the distal residues to stabilize the
heme-bound ligand via H-bonding and electrostatic interac-
tions. The two proteins contain the same key distal polar
residues; however, they share only 24% of the sequence.
Interestingly, the spectroscopic data strongly indicate that
Ph-2/2Hb0O-2217 binds diatomic ligands (namely CO and
OH") more strongly than Ph-2/2HbO-0030 (27).

Resonance Raman. RR spectroscopy has been exten-
sively applied to the study of heme proteins (89). In fact, the
Raman frequencies are sensitive to the coordination number
as well as to the spin state of the iron, providing specific
structural information with regard to ligation and spin state of
the heme. In the study of the Antarctic TrHbOs, this tech-
nique has proved to be particularly useful, highlighting that
the proteins display enhanced conformational flexibility of
the heme cavity.

CO binding is particularly useful to investigate the nature
of the distal interaction between the exogenous ligand and the
residues, since the CO frequencies are modulated by polar
interactions. In particular, the positively charged electrostatic
field generated by H-bond(s) between the O atom of the
bound CO and a distal residue alters the electron distribution
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in the Fe-CO unit, strengthening the Fe-C bond and weak-
ening the C=0 bond, thereby increasing the v(FeC) vibra-
tional frequencies and decreasing the v(CO) frequencies.
Conversely, a negatively charged electrostatic field has the
opposite effect inhibiting backbonding (75). On this basis, the
plot of the v(FeC) and v(CO) stretching frequencies for a large
set of CO complexes, including several bacterial TrHbs, gives
rise to an inverse linear correlation, where the points reflect the
type and strength of distal polar interactions (25-27).

Figure 4 compares the CO complexes of Ph-2/2HbO-2217
(12) and Ph-2/2HbO-0030 (43) with Tf-2/2HbO (25), its triple
mutant (YB10F/YCD1F/WGSF) (25), and M¢-2/2HbO (65).

Tf-2/2HbO displays two conformers, both containing a
bound CO stabilized by polar interactions (Fig. 4) (25). MD
simulation showed that in form 1, the CO is stabilized by the
H-bond with TrpG8; whereas in the more polar form 2, both
TrpG8 and TyrCDI are H-bonded to coordinated CO (25).
The latter is the only conformer observed in Mr-2/2HbO (65),
whereas Ph-2/2Hb0O-2217 with v(FeC)/v(CO) at 506/1940 cm™!
is almost identical to form 1 (43). Unexpectedly, a less polar
form is observed in Ph-2/2HbO-0030 (12). Therefore, it ap-
pears that on CO binding in Ph-2/2HbO-0030 a major con-
formational change occurs and the polar distal residues are
not capable to interact with bound CO. According to the X-
ray structure (42), the nonbonding lone pairs of the TyrB10
hydroxyl are oriented toward the CO ligand, providing neg-
ative polarity and weakening the backbonding from Fe to CO.
If TyrB10 moves away, the negative contribution is sup-
pressed and a moderately positive polar environment is ex-
pected to be restored. The markedly different behavior shown
by the two Ph-2/2HbO(s) indicates that binding is not de-
termined exclusively by interactions with distal polar resi-
dues, but other changes in the sequence must be involved.

GIORDANO ET AL.

Axial ligand strength is a fundamental property of heme
proteins, and together with the low sequence identity sug-
gests that these proteins may play different/alternative
function(s) in bacterial physiology (8).

Laser-flash photolysis. The kinetics of ligand rebinding
to Ph-2/2HbO-0030 after laser photolysis yielded important
findings on ligand migration and binding. Ligand (CO) re-
binding to Fe(Il) Ph-2/2HbO-0030 after laser photolysis is
dominated by geminate recombination, which accounts for
more than 90% of the overall rebinding reaction (5) (Fig. 5).
Similarly, the amplitude of this phase is roughly 60% in 2/
2HbO from T. fusca (red curve in Fig. 5A) (56), and 90% in 2/
2HbO from M. tuberculosis (44, 50). A substantial geminate
rebinding was also observed in Bs-2/2HbO, accounting for
almost 50% of the overall rebinding within 2 ns from pho-
tolysis. The use of infrared probe pulses allowed to follow the
spectral shift of the photodissociated CO, which was found
within a hydrophobic environment before rebinding (53).

Geminate rebinding in Ph-2/2HbO-0030 (blue curve in
Fig. 5A) is a multiphasic process (84) where a substantial frac-
tion (nearly 50% of the overall reaction) occurs on the sub-
nanosecond time scale, with an unusual extension spanning to
several microseconds. The presence of multiple kinetic phases in
Ph-2/2HbO-0030 is evident also in the lifetime distribution re-
ported in the blue curve in Figure 5B, where several bands
appear, each of them associated with a kinetic step. In 7f-2/2HbO
(red curve in Fig. 5B), multiple geminate steps are present, but a
dominant process (with lifetime ~ 2 ns) accounts for most of the
kinetics in this time frame. The amplitude of the sub-nanosecond
phase is characterized by large variability in 2/2HbOs, with
values spanning from about 40% in T. fusca (red curve in
Fig. 5A) to 95% in M. tuberculosis (50).
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FIG. 4. Correlation plot between the v(FeC) and v(CO) frequencies of the two conformers of 7f-2/2HbO (form 1
[black square], and form 2 [red square]), its YB10F/YCD1F/WGSF triple mutant (star), M¢-2/2HbO (circle), Ph-2/
2HbO-0030 (black triangle), and Ph-2/2HbO-2217 (red triangle). Schematic representation of the distal side of Tf-2/
2HbO, showing the H-bonds involving the iron-bound CO determined on the basis of MD simulations are also reported.
Data referring to 7f-2/2HbO and its YB10F/YCD1F/WGSEF triple mutant, M¢-2/2HbO, Ph-2/2HbO-0030, and Ph-2/2HbO-
2217 are taken from Droghetti et al. (25), Mukai et al. (65), Giordano et al. (43), and Coppola et al. (12), respectively.
Figure adapted from Feis et al. (27). Color images are available online.
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FIG.5. Comparison between the CO rebinding Kinetics
to Ph-2/2HbO-0030 (blue) and Tf-2/2HbO (red) at
T =20°C and CO =1 atm. The progress curves were ob-
tained by merging the kinetics measured in femtosecond
pump-probe experiments (from 20 ps to ~2 ns) and nano-
second laser-flash photolysis (from ~30 ns on). (A) Pro-
gress curves for the rebinding reaction from 20 ps to 200 ms,
showing the fraction N(t) of deoxy-proteins after photolysis.
In both proteins, most of the rebinding occurs geminately on
sub-nanosecond time scales. In Ph-2/2HbO-0030, geminate
rebinding extends to the microseconds. Bimolecular re-
binding is observed at longer times. (B) Lifetime distribu-
tions associated with the rebinding kinetics reported in (A)
as determined by MemExp (90). Data referring to 7f-2/
2HbO and Ph-2/2HbO-0030 are taken from Marcelli er al.
(56) and Boubeta et al. (5), respectively. Color images are
available online.

The rebinding kinetics to Ph-2/2HbO-0030 have been in-
terpreted with a model comprising ligand migration through a
structured system of cavities and tunnels that was identified
by implicit ligand sampling (ILS) analysis of MD simulations
(Fig. 6) (5).

Despite the high-density packing of residues in the protein
core, cavities or tunnels are often present. Their presence
offers an evolutionary, possibly functional, advantage to the
hosting protein by providing paths or stations for the diffu-
sion of ligands (62). In globins, as the heme is buried inside
the protein matrix, ligands must migrate through thermal
accessible migration pathways to reach the active site.

Figure 6A shows ILS analysis of the MD simulations on
the deoxy ferrous form of Ph-2/2HbO-0030, whereas
Figure 6B shows the kinetic scheme for the analysis of the
entire CO rebinding kinetics.

This approach provides an estimate of the distribution of
cavities formed along an MD trajectory (Fig. 6A). The results
show one main tunnel connecting the solvent with an internal
cavity system through which small ligands can enter and bind
to the Fe atom. This hydrophobic tunnel is well described in
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FIG. 6. The cavities and residues of the distal heme
pocket of Ph-2/2HbO-0030. (A) Representation of the
cavities and residues in the vicinity of the distal heme
pocket of Ph-2/2HbO-0030, obtained from three indepen-
dent 100 ns MD simulations. Adapted from Boubeta et al.
(5). (B) The reaction scheme proposed for CO rebinding to
Ph-2/2HbO-0030 considers the presence of cavities (tr); and
(tr), identified by MD simulations that affect the migration
kinetics inside the protein matrix between the distal cavity
and the solvent phase. After photoexcitation, the photo-
dissociated ligand is found inside the distal cavity (Hb:CO),
from which it can migrate either to the off-pathway cavity
(tr); or to the on-pathway cavity (tr),. From (tr), the ligand
can reach the solvent (Hb + CO in the reaction scheme).
Reaction scheme in (B) adapted from Boubeta et al. (5).
Color images are available online.

other TrHbs (6). It is consistent with the RMSF analysis
shown in Figure 3, in which helices B and E, involved in the
channel, are the regions with larger fluctuations.

In the vicinity of the heme group, ILS and experimental
results also show three docking sites, one close to the iron
atom (Hb:CO) and two further away [(tr); and (tr),] (5,42).In
general, the distribution of the tunnels and cavities is similar
to those of other TrHbs, in particular thermostable 7f-2/
2HbO. The main difference with 7f-2/2HbO is in the con-
nectivity of the off-pathway docking site, which, in Ph-2/
2HbO-0030, is separated by different energetic barriers from
the rest of the cavity system (5, 6).

Figure 6A also depicts three distinctive residues (TyrB10,
HisCD1, TrpGS8) in the active site of Ph-2/2HbO-0030; the
first docking site (tr), is not impeded by any bulky residue
blocking the access. In addition, the connection between
(Hb:CO) and (tr), is inhibited by TrpG8 and TyrB10.

The involvement of secondary docking sites along ligand
migration pathways was suggested also in Mt-2/2HbO on the
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ground of results from computer simulations. The mutation
of TrpG8 in Mr-2/2HbO led to a faster geminate rebinding
and the appearance of a slower kinetic phase, facts that
were suggested to arise from formation of internal migration
pathways, not present in the wild-type protein (44). The lack
of sub-nanosecond kinetics prevents the quantitative com-
parison with the kinetics reported for Ph-2/2HbO-0030 and
Tf-2/2HbO, but the overall features appear quite similar in
these 2/2HbOs.

Topological arrangement of cavities in 7. fusca is quite
similar to that of Ph-2/2HbO-0030, but temperature depen-
dence of the observed kinetics demonstrated different free-
energy barriers for migration between cavities in the two
cases. In particular, combination of energetic barriers in Ph-
2/2HbO-0030 produces a more efficient trapping of the li-
gands in a temporary docking site, leading to a much slower,
microsecond-lived, geminate rebinding, thus having funda-
mental value in the protein functioning.

In summary, these data show that availability of high-
resolution 3D structures may not be always sufficient to un-
derstand the functional control of ligand binding, and that the
structural dynamics of the protein need to be taken into ac-
count to postulate plausible detailed mechanisms that are able
to incorporate and interpret the biochemically relevant
functional data.

The role of water

MD simulations on ferrous Ph-2/2HbO-0030 at different
temperatures (10°C and 50°C) show that the active site hosts
a structured H-bond network that involves TyrB10, HisCDI1,
TrpG8, and two water molecules (Fig. 7). MD simulations at

‘\)/" TrpG8

HisCD1

b

FIG. 7. Schematic representation of a typical snapshot
obtained from MD simulations of ferrous Ph-2/2HbO-
0030, showing two water molecules stabilized by
hydrogen-bonding interactions with TyrB10, HisCDI1,
and TrpG8 residues. Adapted from Boubeta er al. (5).
Color images are available online.
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low and high temperatures show that the number of H-bonds
slightly decreases at high temperature, due to a more rapid
exchange of water probably due to higher mobility and lower
solvent viscosity at higher temperatures.

MD characterization also shows that, despite Ph-2/2HbO-
0030 and 7f-2/2HbO having similar content of water mole-
cules, the probability (water finding probability) of finding
each, and the average absolute value of the interaction energy
are lower in Ph-2/2HbO-0030 than in 7f-2/2HbO (5). The
presence of water molecules weakly coordinated by amino-
acid residues in the distal pocket of Ph-2/2HbO-0030 dra-
matically affects the rebinding rate (k_; in Fig. 5) to heme
Fe(Il), a parameter that directly impacts overall ligand-
binding rates. Water molecules tune rebinding rates by im-
posing energetic barriers, as demonstrated in 7. fusca, where
mutation of residues that stabilize water molecules leads to a
remarkable increase in the binding rate constant (6). In Ph-2/
2HbO-0030, the rate constant (and the corresponding ener-
getic barrier) for binding is higher than in T. fusca, indicating
that water stabilization is weaker and the ligand has lower
barriers to overcome. Since the AH* of this process is neg-
ligible, resulting in weak or negligible temperature depen-
dence, tuning is obtained through the entropic term (5), which
in Ph-2/2HbO-0030 is more favorable than in 7f-2/2HbO
(56), as demonstrated in many cold-adapted enzymes. In
cold-adapted proteins and enzymes, flexibility is crucial not
only for securing the binding of the ligand at low temperature
but also for facilitating movement of water molecules.
Thermal inactivation of cold-adapted enzymes often predates
the complete unfolding of the structure, thus indicating that
the active site may be very sensitive to heat, even though the
residues are completely conserved compared with their me-
sophilic/thermophilic counterparts, in which thermal inacti-
vation generally coincide with total loss of conformation (18,
20).

As aresult, the overall binding rate koy for CO binding to
Ph-2/2HbO-0030 is 9.5x10° M 's™" (5), much higher than
the one for the dominant conformation of 7f-2/2HbO, koyn=
8.7x 10* M~ 's™" (56). Interestingly, in the case of mesophilic
Bs-2/2HbO, ligands are rebound from the solvent with
kon=2.2% 10° M 's7! (38), which is an intermediate value
between those of the two extremophiles. The case of Mr-2/
2HbO (1.37x 10* M 's™") appears to be an exception (70).
Thus, Ph-2/2HbO-0030 may have developed the capability
of binding with a higher rate those reactive species that are
further elaborated in multi-substrate reactions. This finding is
in keeping with the flexibility of the distal pocket demon-
strated by vibrational spectroscopy and MD simulations, and
it may be interpreted as a molecular mechanism to achieve
cold adaptation. Similar behaviors have been described in
vertebrate cold-adapted globins (39; D. Giordano, pers.
comm.) from Antarctic fish.

The influence of water molecules on reaction rates has a
more general significance in terms of adaptation of molecular
processes to environmental parameters such as temperature.
Solvent-molecule stability inside proteins may be exploited
to achieve completely different effects on reaction rate.
Water has an apparently opposite effect in TrHbO from M.
tuberculosis, where rebinding occurs almost completely
within 1 ns. In that case, the increase in the amplitude of
ultrafast geminate rebinding is correlated with a network
of very stable water molecules, imposing a barrier to the exit
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of the photo-dissociated ligand from the distal pocket (50).
Consequently, it is virtually impossible to photo-dissociate
Mt-2/2HbO in a nanosecond photolysis experiment at room
temperature (70).

Conclusions and Perspectives

The properties of all macromolecules are governed by
biophysical and evolutionary laws that shape the individual
fitness. The integration of the biophysical (kinetics, confor-
mational ensembles, functional motions, interactions) and the
evolutionary (population genetics, molecular evolution)
characterization of proteins is producing a dramatic change in
our knowledge of protein structure and sequence (3).

The interface of protein structure, biophysics, and evolu-
tion (adaptation through natural selection) is the foundation
for a mechanistic understanding of protein functioning in
cold environments with low kinetic energy and motions.
Protein geometry, stability, flexibility, ligand-binding speci-
ficity, and dynamics are important aspects in the resulting
individual molecular phenotypes, thus shedding light on the
probability that an individual organism survives and re-
produces. Linking protein stability and dynamics to physio-
logical functions and then to resilience to environmental
changing conditions would provide mechanistic interpreta-
tions of limits, cost and consequences to respond to climate
change (73).

Despite all efforts devoted to the understanding of the cold
adaptation mechanisms, the picture remains incomplete for
the lack of systematic and quantitative investigations. Pro-
gress in the field of cold adaptation is still limited by the lack
of fully understanding the mechanisms that underline cold
adaptation. Other proteins need to be thoroughly investigated
to make progress in solving the complexity of adaptations at
the structural level. Often our working hypotheses derive
from oversimplified models that attempt to explain the effect
of temperature on the structure/function of a protein. Proteins
may be subjected to environmental and biological constraints
that are completely unrelated to temperature adaptation, and
they may override the ancestral information included in the
structure of the protein, as evidenced by some mutated en-
zymes that display structural unexpected adaptations, dif-
ferent from those observed in a natural environment.

Changes in protein flexibility may play an important role in
tuning biological functions at low temperatures without al-
tering the global structure and the active site, thus reducing
the selective pressure on new genes and proteins through
natural selection. However, how these changes in dynamic
fluctuations and conformations are then propagated to the
active site, to regulate activity and function, has not been
fully addressed; the information on the transition states and
transient intermediates of conformational change in the na-
tive states of proteins is still missing, because these states are
short lived and not directly accessible by spectroscopy or
other techniques (69).

The traditional view that proteins may only count on one
aspect of absolute functional specificity/activity and one
fixed structure conflicts with their marked ability to adapt and
evolve new functions and structures. The comparison of the
three-dimensional structure of TrHbs of group II revealed no
major differences in the folds of homologous psychrophilic,
mesophilic, and thermophilic proteins (42). Proteins lacking
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sequence similarities may still share a similar three-
dimensional structure.

As shown in Antarctic bacterial globins, proteins are, in
general, conformationally very dynamic in response to tem-
perature physiological constraints (40, 42); non-native con-
formations are increasingly recognized to play a major role in
functional dynamics and are responsible for adaptations more
than the three-dimensional structure.

The main signals of cold adaptation in Antarctic TrHbOs
are due to a set of conformational and flexible features on
both distal and proximal heme pocket cavity that can only be
appreciated in solution and not in the three-dimensional
crystal structure. The coexistence in both ferric Ph-2/2HbO-
0030 and Ph-2/2HbO-2217 of two different coordination
states, the 6cHS aquo form and the 6¢LS species, is in
keeping with the proposed conformational flexibility of these
cold-adapted TrHbs (12, 42). This flexibility is also con-
firmed by RMSF and ILS methodology where larger fluctu-
ations in helices B and E and in EF connecting loop have been
observed.

The uncommon Sc ferric Fe—~OH™ form at alkaline pH with
the proximal HisF8-Fe bond severed, completely reversible
at neutral pH, supports the evidence of an unusually flexible
proximal heme pocket in Ph-2/2HbO-0030 (42).

The fact that hexa-coordination is widespread in Antarctic
marine organisms suggests that conformational changes and
coordination states may be useful in the presence of a high O,
concentration (39, 97, 101), possibly acting as a tool for
modulating ligand binding or redox properties in low-
temperature environments.

Although the heme pocket of the two Ph-2/2HbO(s) shares
many common features with 7f-2/2HbO, Bs-2/2HbO, and
Mt-2/2HbO, RR spectroscopy reveals that differences in the
distal heme cavity residues markedly affect the ligand (CO)
binding capability and strength of the H-bond interactions
between CO and the conserved distal residues. As a result, the
two Ph-2/2HbOs bind CO in a different manner, namely Ph-
2/2HbO-2217 interacts with diatomic ligands (namely CO
and OH-) more strongly than Ph-2/2HbO-0030 (27).

The higher overall binding rate kon for CO binding to Ph-2/
2HbO-0030 in comparison to other TrHbOs may improve the
overall rate for multi-substrate reactions, and it may be inter-
preted as a molecular signature of cold adaptation. The energetic
barriers for migration between cavities in Ph-2/2HbO-0030
determined in the ligand rebinding studies support a more ef-
ficient trapping of the ligands in temporary docking sites in
comparison to other TrHbOs, leading to a much slower gemi-
nate rebinding with a very large amplitude. Computer modeling
identified a peculiar system of hydrophobic cavities and tunnels
that connect the distal cavity to the solvent. Distal cavity mutant
studies highlighted the fundamental role of the network of H-
bonds involving TrpG8, TyrCD1, TyrB10, and structural water
molecules that tune the kinetic barrier to ligand binding (6).
Water molecules are found to be stabilized to a lower extent in
cold-adapted Ph-2/2HbO-0030, thus imposing a lower barrier to
ligand binding than in 7f-trHbO (5), and speeding up the ligand
binding. Comparison with Tf~trHbO suggests that this mecha-
nism may be related to the cold adaptation of the protein.

Variations in physicochemical features of the marine en-
vironment may require diversified responses, which may be
also reflected in appropriate modulation of gene expression.
Transcriptomic and genomic studies in PATAC125 will be
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important to identify conditions where globin-gene expres-
sion changes, thus revealing the physiological function of the
2/2Hbs. Phenotypic inter- and intraspecies differences are
more commonly due to differences in gene expression and
protein synthesis than to differences in protein structure.
Moreover, the knowledge of the function of these proteins
taking place in living cells under physiological conditions,
rather than in vitro, would more realistically close the gap
that exists between in vivo and in vitro studies.
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Abbreviations Used

2/2Hb = two-on-two hemoglobin
2/2HbN = two-on-two hemoglobin of group I
2/2HbO = two-on-two hemoglobin of group II
5c = penta-coordinate
6¢ = hexa-coordinate
6cHS = hexa-coordinate high-spin
K = transmission coefficient
AG* = activation free energy
AH* = activation enthalpy
AS* = activation entropy
Bs-2/2HbO = TrHbO of Bacillus subtilis
cMDH = cytosolic malate dehydrogenase
FHb = flavoHb
h =Planck constant
Hb = hemoglobin
ILS = implicit ligand sampling
k =reaction rate
kg = Boltzmann constant
kcat = catalytic-rate constant
K., = Michaelis—Menten constant
LS =low spin
MD = molecular dynamics
Mt-2/2HbO = TrHbO of M. tuberculosis
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Abbreviations Used (Cont.)

Ph-2/2HbO-0030 = truncated hemoglobin encoded
by PSHAa0030 gene and belonging
to Pseudoalteromonas haloplanktis
TAC125

Ph-2/2HbO-2217 = truncated hemoglobin encoded
by PSHAa2217 gene and belonging
to P. haloplanktis TAC125

PhTAC125 = P. haloplanktis TAC125

RMSF =root mean square fluctuations
RNS =reactive nitrogen species
ROS =reactive oxygen species
RR =resonance Raman
T = absolute temperature
Tf-2/2HbO = TrHbO of Thermobifida fusca
Ty, = thermal denaturation temperature
TrHb = truncated Hb
TrHbOs = truncated Hb of group Os
TS = transition-state




